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Aiming to develop a predictive model for computing energy saving potential of office 
buildings, this thesis describes the study of building energy performance among office 
buildings and their derivative saving potential in Singapore. The objectives of this 
thesis include the detailed study of office building energy performance in systems and 
sub-systems; and the development of the building energy systems’ and the central 
air-conditioning sub-systems’ benchmarks for office building in Singapore. This helps 
to quantify office buildings’ energy saving potential, and estimate building energy 
consumption saving after retrofitting. 
 
There are two types of approaches presented in this thesis to establish the predictive 
model for estimating the office buildings’ energy saving potential. One is a 
system-level benchmark approach and it is based on the building energy consuming 
systems’ energy efficiency. The second approach adopts the regression correlation 
method which examines the regression correlation between the parameters of building 
energy consuming systems and the total building energy efficiency in terms of 
kWh/m2/year with respect to gross floor area, excluding car park area. The energy 
saving in the central air conditioning sub-systems is estimated by the sub-system level 
benchmark approach using the similar method as that of the system-level benchmark 
approach.  
 
Based on a building energy performance classification system developed previously 
by Lee et al. (2004), three buildings in Class II (moderate-level energy efficiency) and 
one building in Class III (low-level energy efficiency) have been adopted as 
case-studies by using the two approaches to predict the whole building energy saving 
v 
after retrofitting and the overall results are analyzed and compared. Additionally, 
energy simulations of two buildings among these four are conducted to validate the 
results. The simulation results further verify the correctness of the energy saving 
potential predictive model.  
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Energy in the form of electricity or oil is commonly used in office buildings to 
operate equipment for the safety, efficiency, convenience and comfort of its occupants 
and users. Such equipment includes emergency systems, air conditioning system, 
artificial lighting, vertical transportation, ventilation, office infrastructure and other 
appliances. In Singapore electricity is the predominant form of the energy used in 
office buildings. 
In Singapore, buildings, excluding those in the industry sector, consume more than 
half of the electricity generated. Previous building energy research conducted by the 
Building and Construction Authority (BCA) of Singapore shows that office buildings’ 
energy consumption accounts for 57% among the total electricity consumption in 
buildings. In the absence of natural resources fundamental to the generation of 
electricity and with the increasing population and energy demand, energy is one of the 
critical factors for the development of Singapore’s economy in the immediate and 
long-term future. Energy efficiency in office buildings will also lead to the enhanced 
business competitiveness for Singapore. 
Energy consumption in offices has been rising in recent years because of the growth 
in information technology, air-conditioning, and intensity of usage (Hinge, 2004). 
Though, this trend is partly offset by the considerable improvements in building 
materials, insulation, day-lighting design and usage, and better energy management 
(Lee, 2004); it still is a great challenge for the professionals to create a healthy and 
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comfortable built environment with less energy consumption and reduced negative 
impact on the environment. 
 
The concept of energy efficient building has been formalized in Singapore. It is one of 
the important factors used in the evaluation of building design and management. 
Energy-efficient technologies in building which work well tend to be reliable, 
straightforward, and compatible with management and users’ needs. Capital costs are 
often similar to those for normal offices, although budgets may be spent differently 
(Lee et al., 2004).  
 
A building with high energy efficiency is more competitive and is able to attract more 
tenants. Promotion of energy system retrofit in existing buildings in Singapore may 
bring about significant benefits to building owners and tenants.  However, to ensure 
that capital investments to retrofit buildings are directed at the worthwhile projects, it 
is essential to be able to predict energy saving accurately. A set of best practice 
guidelines is needed to ensure proper execution of a retrofitting design plan.   
 
1.2 Significance of the research 
 
As heating, ventilating and air conditioning (HVAC) and lighting account for the 
major part of a building's energy use, it is vital that the performance of essential 
building services and systems be well understood and optimized in order that energy 
conservation can be achieved. It is estimated that substantial energy savings can be 
achieved from a conventionally designed building through careful planning for energy 
efficiency (Hong, et al., 2000). 
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The distribution of energy performance of office buildings in Singapore in terms of 
energy efficiency is in a very large range from 100 kWh/m2/year to 469 kWh/m2/year 
(Lee, 2004). This indicates that there is great potential for energy conservation in 
existing office building stock in Singapore. It is necessary to quantify this possible 
energy saving in the next phase of building energy study. Once the potential for 
improvement has been estimated, goals can be established at the appropriate 
organizational levels. 
 
The setting of an achievable target is often difficult to define in a consistent and non-
controversial manner. This “achievable target”, must take into consideration energy 
saving possible using existing technology, design practice and management practices, 
and pegged at a level which is achievable but not yet extremely difficult to attain. A 
target which is too low or unattainable will not be effective in motivating the industry 
to improve. 
 
The prediction of energy saving potential is essential for the building managers and 
services engineers to consider any building retrofitting work. An accurate method of 
predicting office building energy saving potential is an important tool in reducing the 
risk of directing significant resources into retrofitting buildings which may not yield 
the desirable saving. It is a strategic tool which may lead to energy retrofitting 
projects becoming a viable financial investment area. This would significantly 
promote energy services sector. 
 
In addition, with the increasing awareness to reduce energy consumption associated 
with carbon monoxide emissions, reducing building energy consumption is brought to 
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the attention of the local government and public recently. Furthermore, due to the 
increasing concerns over pollution, energy demand and strains to electrical 
infrastructure, office buildings remain one of the main energy consumers and are thus 
singled out in the present study as a potential target for energy conservation to reduce 
energy use and consequent air pollution emissions.  
 
1.3 Aims and objectives of the study 
 
The objectives of this study are described as follows: 
A. To carry out a detailed study of office building energy performance in systems 
and to develop the building energy systems’ and air-conditioning subsystems’ 
benchmarks for office building in Singapore; 
B. To investigate and quantify office buildings’ energy saving potential and to 
develop a predictive model for estimating building energy consumption saving. 
 
1.4 Scope of the thesis 
 
Applying the similar methodology of establishing the office building energy 
performance benchmarking, detailed analysis of the building system and central air 
conditioning subsystem energy performance is carried out and the building energy 
system and central air conditioning subsystem benchmarking for office building in 
Singapore is developed.  
 
Based on the collected data and the established benchmarks in the former research, 
the main content of this thesis concentrates on data analysis to quantify the total 
building energy saving potential. Two approaches have been demonstrated. One is the 
system-level benchmark approach while the other is the regression correlation 
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approach. In addition, the energy saving potential in central air conditioning system is 
developed by means of the central air conditioning sub-systems’ benchmark. Four 
case buildings are analyzed by means of these two approaches and the overall results 
are validated by building energy simulation to set up a predictive model to estimate 
total building energy saving potential.  
 
1.5 Organization of the thesis 
 
Chapter 1 presents the background of the study, research objectives, scope and limits 
of the study.  
 
Chapter 2 provides a review of the studies of office building energy performance in 
Singapore. The issues highlighted in this chapter include the definition and 
classification of office buildings, types and nature of office building energy 
consumption, office building energy performance benchmarking and energy 
consumption estimation, and the last but not the least, the existing approaches to 
determine or predict office building energy saving potential. 
 
Chapter 3 outlines the research methodology. It describes the selection of office 
buildings, methods of field measurement, theoretical uncertainty analysis of this study, 
building system and central air conditioning sub-system benchmarking method. It also 
presents the flow chart of two different approaches to office building energy saving 
potential and the way to estimate central air conditioning system energy saving. 
 
Chapter 4 details the various parameter analysis of office building energy 
performance. It describes the benchmark of office building energy consuming systems 
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and central air conditioning sub-systems. Four case studies of office building energy 
saving potential are discussed using two main approaches. A comparative analysis of 
the two approaches is carried out and the results are validated by VisualDOE 
simulation. In addition, the overall uncertainty analysis is also given. 
 
Chapter 5 concludes the study with a summary of the main findings, contributions of 




This study faces certain limitations which are given as follows: 
 
• Constraints of time, measurements, resources and access to office buildings 
have led to a small sample size selected and limited number of buildings to do 
simulation. In this study, only 15 office buildings were investigated and the 
energy simulation was conducted for two of them. However, this sample size 
is still adequate for building system benchmarking and energy saving 
modeling process. And the two buildings’ simulations, to some extent, can 
testify the correctness of the preliminary energy saving potential predictive 
model. 
 
• The average annual office building energy consumption in the latest two 
years of the investigation is assumed as the building baseline energy 
consumption. This may bring some errors in the saving estimation. But since 
this thesis is just a study of energy saving potential, the difference is 
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neglected between the average annual electricity bill of two years and the 
accurate baseline value. 
 
• Information obtained from office buildings managers may not be absolutely 
accurate. In addition, information such as area, equipment operation schedule 
is calculated manually and it is inevitably subjected to a degree of error. This 
kind of uncertainty is considered in the case study analysis, but compared 
with the modeling uncertainty, it can be omitted. 
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CHAPTER TWO LITERATURE REVIEW OF OFFICE 




This chapter defines the various terminologies relating to office building development 
and functions. It presents the main issues concerning the energy performance of office 
buildings in Singapore and the existing approaches to office building energy saving 
potential. It also examines the various methods used in estimating office building 
energy consumption. 
 
2.2 Office building description and its classification 
 
An office building is the one where the space in the building or part of the building is 
used or intended to be used for rendering services such as agency, commission, 
banking, administrative, legal, architectural, engineering and other professional 
services (URA, 1998). The proprietors of office buildings in Singapore belong to 
either the public or the private sector. Public sector buildings refer to buildings which 
belong to the public authorities namely the government ministries, departments or 
statutory boards created by an Act of Parliament. Private sector buildings refer to 
buildings which belong to individuals, organizations or companies listed under the 
Registration of Companies or the Registry of Business Names. 
 
According to sources from the URA Property Research Section and property 
consultant companies, there are a total of 554 registered offices and offices cum retail 
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buildings in Singapore of which 109 are classified as public buildings and 445 are 
private buildings. These include clan associations and other organizations registered 
under the Society Act, Charity Act, and Cooperative Societies Act etc.  
 
2.3 Types and nature of building energy consumption  
 
The total building energy consumption consists of two energy utilization components. 
They are the landlord’s consumption and tenants’ consumption.  
 
Landlords’ building energy consumption mainly refers to the energy utilized within 
certain parts of a building or services systems. They include: 
 
1. Central air conditioning system; 
2. Vertical transportation services i.e. escalators and lifts; 
3. Ventilation system, such as exhausting fans and ventilators for plant rooms, car 
parks and other common areas or facilities; 
4. Artificial lighting system in the common areas including corridor and common 
service areas, such as toilets and lifts 
 
The tenants’ building energy consumption refers to energy utilized by the tenant with 
respect to the artificial lighting system, office equipment such as photocopy machines, 
computers, printers and fax machines etc. and miscellaneous electrical appliances i.e. 
microwave ovens, boilers and refrigerators etc.  
 
In the study of commercial buildings energy analysis in Hong Kong, the monthly bills 
of total building electricity consumption comprising the energy use of landlord and 
tenant were collected and then normalized by multiplying a certain factor with 
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considering the different occupancy rate and operating hours, etc. of buildings (Lam, 
2000). This treatment of total building energy consumption is also adopted in the 
energy saving study which is described in detail in Chapter 3.    
 
2.4 Office building energy performance in Singapore 
 
 
2.4.1 Office building energy performance benchmarking 
 
In 2000, Lee and Kang investigated the total building energy consumption profile and 
performance characteristics of 104 office buildings in Singapore. This has resulted in 
the establishment of an accurate office building energy performance benchmark. 
Subsequently, 12 sampled buildings were selected based on the quartile range in the 
cumulative Ogive curve of total building energy efficiency excluding car park (TBEE 
ex cpa), which represents a well-distributed proportion for each range, for the total 
building energy analysis. For the detailed analysis, energy consumption pattern of the 
major building services systems have been investigated. They included the central air 
conditioning (CAC) systems and its respective subsystems, lighting system, 
ventilation system, transportation system and office equipment. This leads to the 
preliminary development of the building energy systems and CAC subsystems 
benchmarking and profiling system for of office buildings in Singapore (Lee and 
Majid, 2004).  
 
2.4.2 Office building energy consumption estimation 
 
The energy studies on commercial buildings were carried out in quite a few countries 
and areas before (Hinge, 2004; MacDonald, 2004; EMSD, 2000 and Lam et al., 1997). 
The main thrust of their work was in determining correlation between energy 
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consumption and operational factors in office buildings.  The most common 
regression analysis was performed to draw correlations between building energy 
consumption with the parameter of building gross floor area. The results indicated 
that electricity use in the office buildings is significantly affected by the using 
building area. This can be applied to estimate the energy use of an office building, esp. 
at the designing or retrofitting stage. 
 
In Singapore, the benchmarking studies conducted by Lee et al. (2004) examined all 
the available independent building parameters influencing building energy 
consumption, including building height, age, storey height, occupancy rate and 
building system parameters, such as the chiller’s COP and lighting load, etc.. Their 
correlation with the total building energy consumption based on the regression 
analysis of the collected data was investigated. Unfortunately, the results show that 
there was no conclusive correlation drawn between total energy consumption and the 
building parameters except the gross floor area (GFA). A linear relationship was 
established between annual total building electricity consumption and GFA excluding 
car park area (GFA ex cpa) of office buildings with and without retail spaces 
respectively (Toh, 2000). Both of the coefficients of determination R2 are high, at 
about 0.9. This relationship can be used as a reference for estimating the total building 
energy consumption according to its corresponding GFA. 
 
The correlation analysis between the annual electricity consumption of office 
buildings and the corresponding GFA of 86 pure office buildings shows a positive 
linear relationship between GFA (X) and the annual electricity consumption (Y) (Toh, 
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2000). Regression analysis of the data shows that annual electricity consumption can 
be correlated with GFA by the following equation: 
Y = 195.79x + 154.09   Eqn (2.1) 
(Source: Toh, 2000) 
 
Where x (independent variable) is the gross floor area (GFA, in m2) and Y (dependent 
variable) is the annual electricity consumption (in MWh). The high correlation 
coefficient (R), of 0.9653, shows that there is a strong association between the annual 
electricity consumption and GFA. The coefficient of determination (R2) is 0.9318. 
This implies that 93.18% of the variation in annual electricity consumption can be 
explained by variability in GFA. 
 
There are also 18 office buildings with a small percentage of not more than 10% of 
their GFAs allocated for retail outlets. For these buildings a similar analysis was 
carried out. The simple linear regression shows that the line of best fit for the two 
variables can be represented by the following equation (Toh, 2000): 
Y = 245.52x + 601.1  Eqn (2.2) 
(Source: Toh, 2000) 
 
The R and R2 of this group of buildings are 0.9456 and 0.8942, respectively. The 
smaller correlation coefficient value indicates that for office cum retail buildings, the 
annual electricity consumption is not so well correlated with GFA as compared to 
pure office buildings. 89.42% of the variation in annual electricity consumption in 
office/retail buildings can be explained by variability in GFA. This might be due to 
the greater variety of business activity and requirements in the retail set up. 
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Combining both results of pure office buildings and office cum retail buildings, it was 
found that annual electricity consumption of sample buildings could be expressed in 
terms of GFA as follows (Lee et al., 2004): 
Y = 208.54x + 214.26 Eqn (2.3) 
(Source: Toh, 2000) 
 
The R and R2 values are 0.9485 and 0.8997, respectively. It is only valid for office 
building with less than 10% of it GFA occupied by retail space, and with electricity 
being the only form of energy used in the building. As a summary, the total building 
energy consumption can be estimated easily with the above equations by substituting 
the GFA. 
 
The highly correlated linear relationship between the GFA and the annual electricity 
consumption of office buildings means that GFA based Energy Efficiency Index (EEI) 
in terms of kWh per sq.m may be used as a yard stick to measure and compare 
building energy efficiency to a high degree of accuracy. Hence, the results verify and 
support the basis for undertaking the energy benchmarking of office buildings in 
Singapore using the EEI in terms of kWh/m2. This finding is only valid for office 
buildings with less than 10% of its GFA occupied by retail space, and with electricity 
being the only form of energy used in the building. 
 
2.4.3 The overall office building energy performance patterns in Singapore 
 
The building energy consuming equipment that is considered here consists of five 
main components. They are the air-conditioning system, lighting system, vertical 
transportation system, ventilation system, office equipment and other miscellaneous 
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appliances. Figure 2.1 shows the percentage distribution of the energy consumption of 
building systems and equipment out of the total building energy consumption on the 
basis of the average of the 12 sampled buildings in the former study which represent 
the normal situation of office buildings in Singapore (Lee et al., 2004). 
 
 
Percentage Distribution of Building System & Equipment 














Figure 2.1: Percentage distribution of energy consumption of building systems and 
equipments in the sampled buildings 
 
(Source: Lee et al., 2004) 
 
From the Figure 2.1 above, it is clearly shown that air-conditioning system consumed 
about 52%, which is the main energy guzzler, and this is typically the case for office 
buildings in Singapore. It is also observed that office equipment and other electrical 
appliances consume about 25.3%, over a quarter of the total building energy 
consumption. This may be due to the extensive use of equipment such as desktop 
computers, servers etc which are necessities for a modern office to function 
effectively and productively. On the other hand, the lighting system, transportation 
system and ventilation system consume not much, about 11.73%, 7.30% and 3.80% of 
the total building energy consumption respectively. 
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2.5 Existing approaches to office building energy saving potential analysis 
 
The energy requirements of a building depend not only on the individual performance 
of the envelope components (walls, windows and roofs) and HVAC and lighting 
systems, but also on their overall performance as an integrated system within the 
unique building. Consequently, it is not easy to estimate the proper energy demand for 
a building, esp. for a large commercial building in which there are complex and 
dynamic interactions between its systems and plants changing with the internal and 
external environment. 
 
2.5.1 Basic method 
 
There is no direct way of measuring energy use or demand savings since instruments 
cannot measure the absence of energy use or demand. However, the absence of 
energy use or demand can be calculated by comparing measurements of energy use 
and/or demand from before and after the implementation of an energy conservation 
measure (ECM). Simple comparison can be made by the subtraction of post-retrofit 
energy use from the pre-retrofit quantity as this does not differentiate between the 
energy impacts of the ECM and those of other factors such as weather or occupancy. 
In order to assess the effectiveness of the ECM alone, the influence of these other 
compounding factors, such as weather and usage factors, must be removed or set to an 
equal datum. According to ASHRAE, the building energy saving is defined as shown 
in the following equation: 
 
Building Energy Savings = (baseline energy use or demand projected to post-retrofit 
conditions) – (post-retrofit energy use or demand) +/- adjustments  Eqn (2.4) 
(Source: ASHRAE, 1998). 
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The energy saving is determined by comparing the before and after energy use, and 
making adjustments for non-ECM changes that affect energy use. In ASHRAE 
Guideline 14 (2002), the work of  projecting energy use or demand patterns of the 
pre-retrofit period into the post-retrofit period, and adjusting demand to different 
conditions of weather, occupancy, or other energy-governing variables is called 
baselining of energy consumption in an energy performance contracting project. 
 
However, this study just concentrates on predicting the energy saving potential in 
which the average monthly energy consumption of the investigated years is assumed 
as the baseline energy use on the pre-retrofit conditions. As a result, the adjusted 
equation of building energy saving potential is shown as follows:  
 
Building Energy Savings Potential = (average energy use or demand in the 
investigated years) – (predicted post-retrofit energy use or demand) +/- adjustments 
  Eqn (2.5) 
 
2.5.2 Benchmarking method 
 
Benchmarking energy-efficiency is an important tool to promote the efficient use of 
energy in commercial buildings (Chung et al., 2006). Benchmarking models are 
mostly constructed in a simple benchmark table or curve of energy use in terms of 
percentile, which is normalized with floor area and/or temperature (Patterson, 1996).  
 
Energy-efficiency benchmarking can be used to monitor changes in energy efficiency. 
The series of benchmarking database developed for the total office building and the 
detailed office building systems helps to facilitate prediction of energy saving 
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potential of existing buildings. It also provides a reference for the design and retrofit 
in the budgeting of energy efficient buildings (Lee, 1998 and 2004). 
 
Benchmarking the buildings' energy performance is a process that will help the 
building owners understand how their buildings perform compared to similar 
buildings. Benchmarking has historically been a complicated process. Benchmarking 
provides a yard stick for evaluating opportunity when enough data is available to 
show trends in energy use. 
 
Typically, energy-efficiency indicators for commercial buildings in the benchmark 
analysis can be obtained by normalizing the energy use with floor area and/or 
operational hours. It is a widely accepted method in field of building energy 
efficiency analysis. Climate adjustment of energy use data is performed when the 
degree–days information is available. For instance, Filippin (2000) used a sample of 
energy consumption data and the floor area to calculate the Energy Use Intensity 
(EUI), i.e., kWh/ft2 or MJ/m2, for school buildings in central Argentina. The 
calculated EUIs were then ranked as a benchmark table. This simple floor-area-
normalized EUI is often used for judging the energy-use performance of a commercial 
building (Kinney and Piette, 2002). In Singapore the e-Energy Benchmark System 
(CTBP and BCA, 2003) is based on the energy efficiency which normalizes building 
energy consumption with the occupied floor area and/or operating hours factor. 
Birtles and Grigg (1997) used a similar method in appraising building energy 
efficiency. 
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The work done in the area of exploring the building energy saving potential by the 
method of benchmark may be classified into two different approaches, namely the 
whole building metered approach and the retrofit isolation approach. The details are 
specified as follows. 
 
2.5.2.1 Whole building metered approach  
 
 
i. General overview 
 
The “whole building metered” approach uses a “main” meter to measure the energy 
flow to the whole building (ASHRAE Guideline 14, 2002). Energy flow is usually 
electric, gas oil and thermal. ECMs may have been applied to one or more of the 
systems served by the meter. This approach may involve the use of monthly utility 
bill data or data gathered more frequently from a main meter. 
 
The “whole building metered” approach, also called “main meter” approach 
encompasses procedures that verify the performance of the retrofits for those projects 
where the whole building pre- and post-retrofit data are available to determine the 
savings. Utility billing data (usually monthly data) are the basis of data analysis. 
Continuous measurements of the whole-building energy use before the retrofit and 
after the retrofit on a more detailed measurement level (weekly, daily or hourly) are 
also required. 
 
Consumption and demand values taken from sub-meters are acceptable for use under 
the whole building approach, where the meter measures energy use of a significant 
portion of the building area or a group of subsystems (e.g., motor control center). The 
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data will have to meet all the requirements for a utility meter. Sub-meters are 
particularly useful in multiple building sites served by one utility meter.  
 
ii. Criteria for the whole building metered approach 
 
It is most appropriate to use a whole building metered approach when the total 
building energy performance is to be assessed, rather than the performance of specific 
retrofit. There are two paths for the whole building approach with the respective 
criteria and requirements for its applicability, namely, the whole building prescriptive 
path and the whole building performance path. The former one is most appropriate 
when the expected savings are greater than 10% of the measured energy use or 
demand and when the data are continuous and complete with no data points to be 
excluded, and are expected to remain this way in the post-retrofit period. On the other 
hand, the latter path is appropriate when the data are not continuous or having gaps, 
and are expected to have similar problems in the post-retrofit period. 
 
iii. Methodology and calculation 
 
The two compliance paths, prescriptive and performance paths, although each has its 
own specific data requirements, generally,  follow the same methodology, namely: 
 
z Collect data on the energy use or demand to develop the energy-efficiency 
indicators and conduct the benchmarking exercise; it is used as the 
dependent variable; 
z Collect data of the building physical and system parameters as the 
independent variable(s); these variables are selected based on two criteria: 
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First, they were considered as the more influential parameters affecting 
electricity use; and secondly, they were reported for most buildings.    
z Estimate saving roughly and determine whether the whole building 
prescriptive path or the whole building performance path is to be adopted; 
z Determine the significant indicators among the variables according to the 
regression analysis; 
z Develop the best statistical model between building energy use and the 
significant indicators; 
z Assume the new values of the indicators after retrofit and calculate post-
retrofit energy and demand; 
z Calculate the difference between pre- and post- retrofit as the savings. 
 
In addition, Sharp (1998) made the argument that the simple normalized EUI was not 
good enough for a credible energy-consumption performance rating. To account for 
the effect of other factors that affect energy consumption, benchmarks were 
developed using a multivariate linear-regression approach to correlate other factors 
representing some important characteristics of buildings with EUI. Sharp’s method 
has been used in the Asia-Pacific Economic Cooperation Energy Benchmark System 
(APEC, 2001) and slightly modified as the basis of the Energy Star benchmark 
(Energy Star, 2004). 
 
Meanwhile, Sharp (1996) selected seventy-five Commercial Buildings Energy 
Consumption Survey (CBECS) variables to be examined as determinants of EUI in 
office buildings in America. Stepwise regression was used to model electric energy 
use per square foot as a function of CBECS variables in his study. 
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The first stage of the analysis indicated that thirty--three variables are significant to 
EUI. The next stage of the analysis in an iterative process removes the least 
significant and least common variables to the nine census divisions. This produced six 
variables which found to be the most common and strongest indicators of building 
electric use intensity in all census divisions. The two dominant variables (most 
important) correspond to the logarithm of the number of workers per square foot (log 
of NWKERSF) and the category describing the number of personal computers in the 
building (PCTRMC). These are followed by the number of operating hours (WKHRS) 
and whether the building is owner-occupied (OCCTYP1). The remaining variables of 
less importance were the presence of an economizer (ECN) and a chiller (CHILLR). 
Standard linear regression performed on the final six variables was used to determine 
model coefficients for each census division. Models based on this small number of the 
strongest variables are much simpler and are good approximations of the estimates 
that an expanded model based on all significant variables would produce. The 
resulting predictive model for electric energy use intensity in commercial buildings is 
drawn as follows: 
log (EUI) = a + b*log (NWKERSF) + c*PCTRMC + d*OCCTYP1 + e*WKHRS + 
f*ECN + g*CHILLR                                                                                           Eqn (2.6)  
(Source: Sharp, 1996) 
 
where ECN and CHILLR have values of 1 if they are present for the building and 0 
otherwise. OCCTYP1 is 1 if owner- occupied and 0 otherwise. The number of 
workers per square foot, the category describing the number of personal computers, 
and the operating hours vary widely across buildings. Although there are six variables 
in the general model for all census divisions, individual census division models are 
comprised of three or less variables each. Per this analysis, these simple models 
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explain almost all of the variations in electric EUIs that can be explained by the 
CBECS variables analyzed. Coefficients for the predictive models are different for 
each census division. When applied to the general model, simple census division-
specific models will be resulted which can be used to predict office building electric 
energy use intensity. And so the predicted energy use/demand post-retrofit will be 
calculated by multiplying the corresponding area. The saving potential is easily taken 
as the balance between original energy use and the predicted energy demand.  
 
Chung et al. (2006) also described a benchmarking process for energy efficiency by 
means of multiple regression analysis, where the relationship between EUIs and the 
explanatory factors (e.g., operating hours) is developed. They used the resulting 
regression model to normalize these EUIs, by removing the effect of deviance in the 
significant explanatory factors. The advantage of this approach is that the benchmark 
result represents a normalized distribution of EUI, taking into account all the 
significant explanatory factors that affect energy consumption. By this approach, they 
also set up the resulting regression model of a special type of buildings which can be 
used to estimate the EUIs. A case study of Hong Kong supermarket EUI analysis was 
conducted and the final regression model was developed between EUI and five 
building parameters, such as building age, floor area, operation schedule, number of 
customers and occupants’ behavior (EMSD, 2002). 
 
2.5.2.2 Retrofit isolation approach  
 
i. General overview 
 
The retrofit isolation approach uses meters to isolate the energy use and/or demand of 
the building system/subsystems (e.g., lighting, chiller, boiler) affected by the ECM 
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from that of the rest of the facility. (ASHRAE Guideline 14, 2002) These 
measurements may be made once before and once after the retrofit, periodically, or 
continuously. Savings derived from isolated and metered systems maybe used as a 
basis for determining savings in similar but unmetered systems within the same 
facility providing they are subjected to similar operating conditions throughout the 
baseline and post-retrofit periods. But in practice, building energy saving needs to be 
estimated roughly before retrofitting.  The way of using simple census division 
averages of similar buildings as benchmarks had been investigated as a useful method 
to quantify the saving potential (Sharp, 1996). By this way, the building energy saving 
potential can be taken as the difference between individual building EUIs and 
averages of similar buildings in the same climate zone as a whole building level and 
the building system  energy saving potential can be taken as the differences between 
individual building system EUIs and the corresponding break-down system averages 
separately. 
 
The retrofit isolation approach is intended for retrofits where the end-use capacity, 
demand or power level can be measured or the energy use of the equipment or 
subsystem can be measured for a short-term period or continuously over time during 
the baseline period. It can also measure energy end-use affected by the retrofit or 
measurements for a limited period of time necessary to determine retrofit savings. In 
most cases, energy used is calculated by developing statistically representative 
analysis of the energy end-use system/subsystem capacity (e.g., the kW or Btu/h) and 
use (e.g., the kW or Btu/h). 
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Lee (2004) also stated that using the established benchmarking curves, the total 
energy saving potential of a building can be calculated using the total/landlord/tenant 
energy performance benchmarking curves. A performance target may be set for a 
short or long term performance of the building. If services systems’ energy data are 
available, the savings achievable from each of the systems in a building can also be 
determined using system benchmarking curves. Once the saving potential in systems 
are established, a building’s owner can prioritize energy retrofitting project according 
to the extent of savings each system can achieve, and the return of investment can be 
calculated.  
 
ii. Criteria for the retrofit isolation approach 
 
The application of the retrofit isolation approach involves the following steps: 
 
z Collect data on the building energy use or demand to calculate EUI and 
develop the benchmarking;  
z Collect data on the building system/subsystem energy use or demand to 
calculate the corresponding EUI and develop the building system/subsystem 
benchmarking;  
z Project baseline usage to post-retrofit conditions, for example, setting the 
target of the first quartile of the similar group of buildings; 
z Determine savings by: Savings = Projected baseline (usage, demand) – 
Average of benchmarking buildings (usage, demand) 
 
2.5.3 Computer simulation  
 
The use of computer simulation by building professionals is now considered 
commonplace. Building simulation can be applied in the life cycle analysis of a 
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building, including design, construction, operation, maintenance, and management. 
The building energy simulation is one of the main applications. 
 
i. General overview 
 
The whole building calibrated simulation approach uses a model of energy use and 
demand for the facility, which is typically of pre-retrofit conditions and it is calibrated 
or checked against actual measured energy use and demand data and possibly other 
operating data (ASHRAE Guideline 14, 2002). This calibrated model is then used to 
predict energy use and demand of the post-retrofit conditions (Bou-Saada and Haberl, 
1995). Savings are derived by comparison of modeled results under the two sets of 
conditions or by comparison of modeled and actual metered results (Clarke et al., 
1993). The most frequently used building computer simulation programs are DOE-2, 
Energy Plus, ESP-r and etc. 
 
This approach refers to computer-based simulation of whole building energy use 
behavior. This technique is especially applicable to accounting for multiple energy 
end-uses, especially where interactions occur between measures. Additionally, this 
technique is useful for situations where baseline shifts may be encountered and where 
future energy impacts may need to be assessed. 
 
ii. Criteria for the simulation approach 
 
a). When to use calibrated simulation 
 
z Either pre-retrofit or post-retrofit whole building metered electrical data are 
not available. 
z Savings cannot be easily determined using before-after measurements. 
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z Measures interact with other building systems, and it is desired to account for 
those interactions and retrofit isolation methods are not readily feasible. 
z Only whole-building energy use data are available but savings from 
individual retrofits are desired. 
z Baseline adjustment needs. 
 
b). When not to use calibrated simulation method 
 
z Measures that can be analyzed without building simulation. 
z Buildings that cannot be readily simulated. 
z HVAC systems that cannot be simulated. 
z Retrofit that cannot be simulated. 
z Project resources are not sufficient to support calibrated simulation. 
 
iii. Methodology and calculation 
 
When employing calibrated simulation to estimate the savings associated with energy 
conservation measures, the procedure can be summarized as follows: 
1. Produce a calibrated plan with at least 12 monthly utility bills spanning 1 year 
2. Collect data of building parameters 
3. Input data into simulation software and run model 
4. Compare simulation model output with actual measured data 
5. Refine model until a satisfactory calibration is achieved with acceptable 
accuracy  
6. Produce baseline and post-retrofit models 
7. Estimate savings  
8. Report the observations and savings 




The detailed procedure of this approach is also as shown in Figure 2.2 which gives the 


















Figure 2.2: Flow chart for the whole building calibrated simulation performance path 
 (Source: ASHRAE, 1998) 
 
2.5.4 Commonly used building energy simulation software 
 
The building simulation programs in terms of detailed simulation programs (DSPs) 
are applied in the field of building energy performance analysis for design and 
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retrofitting (Hong et al., 2000).  By analyzing the annual building energy demand 
profile and part-load performance of major energy-consuming equipment, an energy-
efficient building design can be realized, and the energy budget of the building can be 
accurately estimated for energy planning and management (Clarke, 1985). 
Furthermore, innovative strategies for energy saving and building energy management 
and control system (EMCS) design can be evaluated before implementation. EMCS 
plays the role of monitoring, controlling and reporting the operation of the building 
systems and plants so as to ensure that thermal comfort and energy efficiency is 
maintained. EMCS can include strategies like enthalpy control, night setback and 
optimal start/stop control and can help to exploit the full potential for energy saving of 
a good building design (Shaw, 1996).  
 
DSPs often incorporate computational techniques such as finite difference, finite 
element, state space, and transfer function for building load and energy calculations. 
To account for the dynamic interactions among all thermal-based elements associated 
with comfort and energy consumption, including the building envelope, HVAC 
systems, lighting, and control devices, DSPs often have to perform the computations 
on an hour-by-hour (sometimes even minute-by-minute) and zone-by-zone basis 
(Clark and Irving, 1988). Thus, optimal design and operation of a building and its 
facilities can be achieved. 
 
The following sub-section describes some of the DSPs which are commonly used by 
the practitioners. The relevant websites, the main properties of the DSPs are presented 
in details. 
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i. DOE-2 and VisualDOE 
 
DOE-2 (http://eande.lbl.gov/BTP/simulations/DOE2.html) is a public domain 
program that performs hourly simulation of a building's energy consumption and 
energy cost given a description of the building's climate, architecture, materials, 
operating schedules, and HVAC equipment. DOE-2 is widely used in the US and 
more than forty countries to design energy-efficient buildings, analyze the impact of 
new technologies, and to develop energy conservation standards (DOE-2 Manuals, 
1980). 
 
VisualDOE (http://www.eley.com/) is a commercial variant, with the computer code 
in terms of PC-based-BSP, developed from DOE-2. It utilizes the DOE-2 calculating 
engine and provides graphical user interface for input and output processing 
(VisualDOE 4.0 user manual, 2004). 
 
DOE-2 and its `Windows'-based versions released afterwards are popular dynamic 
building simulation softwares. They use the transfer function method to calculate the 
building heat gains and cooling loads, assuming a constant indoor air temperature, 
before calculating the equipment heat extraction rates. DOE-2 can determine the 
systems’ and plants’ energy requirements hourly. To eliminate the necessity of 
solving the interactions of all the zones simultaneously, the zone temperatures from 
the previous hour calculation are used to estimate the heat flow across internal walls. 
Therefore, from this point of view, DOE-2 is not a true multi-zone model. DOE-2 is 
commonly used in large buildings except where the variation of zone temperature, the 
zone temperature difference or air flow between zones is significant and accurate 
calculation of heat flow between zones is imperative (Hong et al., 2000). 
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ii. Environmental System Performance (ESP) and ESP-r 
 
ESP (http://www.strath.ac.uk/Departments/ESRU/ESP-r.htm) is a public domain 
transient energy simulation system capable of modeling the energy and mass flows 
within combined building and plant systems. The ESP-r is the European Reference 
building simulation program, which allows engineers to assess how actual weather 
patterns, occupant interactions, design parameter changes and control systems affect 
energy requirements and environmental states. 
 
ESP is another well-known building simulation software. It uses the finite difference 
method in thermal modeling. Therefore, ESP can be used to simulate a building where 
there are nonlinear components like trombe walls and transwalls. Because of the finite 
difference algorithm, ESP usually limits the simulation time step to minutes in order 
to obtain convergence of solutions. As a result, ESP simulations require higher 
computing capability and storage capacity (Clarke and Mclean, 1988). 
 
iii. Conjunction of Multi-zone Infiltration Specialist (COMIS), Building Loads 
Analysis and System Thermodynamics (BLAST) and EnergyPlus 
 
COMIS (http://www-epb.lbl.gov/comis/) is a detailed program for modeling multi-
zone air flow and indoor air quality. COMIS is one of the most recently developed air 
flow models. It can be used as a stand-alone program with input and output features, 
or as an infiltration module that can be integrated into thermal building simulation 
programs.  
The BLAST (http://www.bso.uiuc.edu/) system is a set of computer programs for 
predicting heating and cooling energy consumption in buildings, and analyzing 
energy costs. BLAST was originally developed on mainframe computers, and a 
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portable/workstation version is actively supported. For Windows users, an important 
feature is our graphical user interface, Heat Balance Loads Calculator (HBLC). This 
interface allows users to access all the important features of BLAST and its auxiliary 
programs in a convenient and easily understandable format. Furthermore, it 
significantly speeds the process of entering building data compared to the input 
processors previously available for BLAST. 
DOE-2, BLAST, and COMIS are being combined into a new program called 
EnergyPlus (http://ean-de.lbl.gov/BTP/simulations/energyplus.html). EnergyPlus has 
its roots in both the BLAST and DOE–2 programs. Like its parent programs, 
EnergyPlus is an energy analysis and thermal load simulation program. Based on a 
user’s description of a building from the perspective of the building’s physical make-
up, associated mechanical systems, etc., EnergyPlus will calculate the heating and 
cooling loads necessary to maintain thermal control setpoints, conditions throughout 
an secondary HVAC system and coil loads, and the energy consumption of primary 
plant equipment as well as many other simulation details that are necessary to verify 
that the simulation is performing as the actual building would. Many of the simulation 
characteristics have been inherited from the legacy programs of BLAST and DOE–2 
(EnergyPlus manual, 2004). 
 
iv. How to choose and apply a simulation software 
 
It is difficult to compare BSPs in absolute ways, because each BSP has its advantages 
and disadvantages. Generally speaking, BSPs can be evaluated on their cost and 
performance (Sowell and Hittle, 1995). Computer software is a special product, and 
its cost includes not only the purchase cost but also the use cost. The cost components 
include: (i) a software cost, covering the license fee, after sales service, and software 
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upgrading fee; (ii) a training cost, which is the fee that software vendors charge to 
train the user to use the software; and (iii) a use cost, which includes the labor and 
computer resources consumed during the use of a BSP. Today, more and more BSPs 
can run on PCs, so the use cost of computer facilities is relatively small. But labor can 
be quite expensive, especially when a BSP requires a user to spend long hours 
preparing the input data files and waiting for simulation results. With increased 
complexity of BSPs, the training cost can rise. However, the use cost is often the 
highest followed by training cost and software cost. 
 
There are three vital factors to consider how to choose a certain BSP from the user's 
side (Shavit, 1995). The first concerns need or purpose. Understanding the nature of 
the problem that the user expects to solve with the use of a BSP is an important 
criterion. Choosing an ‘overpowered' BSP is not only unnecessary and expensive but 
can be costly when mistakes are made due to the complexity of the software. The 
second relates to budget. The budget to purchase and use a BSP includes software 
cost, maintenance, if necessary, and the cost of the computer platform to run the BSP. 
In addition, provision should be made for user training. The third is the availability of 
facilities. The user should select a BSP that can be run on existing computer facilities, 
or when anticipated investment in new computer resource is bearable. 
 
Effective application of building simulation needs skilled users, suitable BSPs, and 
quality assurance techniques. Performing building simulation involves understanding 
the nature of the issue to be solved, choosing a suitable simulation program, using the 
simulation program, and interpreting the simulation results and making decisions 
(Lebrun, 1995). 




The BSP user is the key determinant of success in building simulation. Despite the 
power of BSPs, the experience and skill of the user directly determine the quality of 
the building simulation (Waltz, 1992). The main effort of a BSP is to provide correct 
results corresponding to the input data. How to simplify the representation of the real 
world, how to prepare the input data, and how to interpret the output are entirely the 
user's responsibilities. The most effective users are those who master the basic 
concepts and fundamental knowledge of building performance and HVAC systems. In 
additional, quality assurance should be applied in the steps of mastering how to use a 
program, representing the building and HVAC systems, preparing the input data, 
running and controlling the program and interpreting the results and making decisions 
in the use of a BSP. 
 
2.5.5 Energy saving estimation by experts’ walking through and experience 
 
In the real industries, the office building saving potential analysis mostly relies on 
experienced experts’ walk-through energy audits that used manufacturers’ nameplate 
data to estimate the potential savings of upgrades and system changes. It is a fast and 
easy way to predict the building energy saving. But nameplate data often does not 
reflect actual operating conditions, especially in older or customized systems 
(Claridge et al., 1994). It helps to make a rough estimate of potential energy savings 
by comparing the facility’s consumption to energy efficient operation targets, but this 
is not very accurate (Claridge et al., 1996). The usual detailed procedures developed 
for the candidate building over an acceptable time horizon include the followings 
(Kennedy et al., 2003; Energy Star, 2004; Rebuild, 2004): 
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1. Historical analysis of utility bills, such as analysis of utility bills for previous 
three years inspection. 
2. Inspecting of key equipment to identify primary savings sources by 
performing a preliminary building assessment and by cataloging and 
measuring key equipment and systems  
3. Conducting a brief interview with facility operators 
4. Developing the energy saving project in detail and setting the energy reduction 
measures such as a comprehensive list of renovated utility facility, operations 
and maintenance by engineering analysis and design for the measures and by 
engineering calculations, spot measurements, short or long-term monitoring, 
bill analysis and/or building simulation. 
5. Reconstruction of utility bills 
 
2.5.6 Neuro-fuzzy network model  
 
With the help of neuro-fuzzy logic software, information of training data is learned by 
the model. With the application of the Remote Control Unit (RCU) (FuzzyTech, 
2001), the neuro-fuzzy model is linked to the database in Microsoft Excel. By this 
way, the predicted output variables recording office building energy performance are 
calculated. By comparing the predicted values with the real data obtained from 
measurements, the energy performance of each building is evaluated, and the energy 
saving potential is examined (CSEM and EPF, 1998). It shows that in some cases, the 
deviations between predicted and actual values are significant. This, at least, points 
out the direction of improving energy performance, and indicates the high energy 
saving potential of these office buildings. Consequently, it will be more meaningful to 
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examine the influences of input variables on the total energy performance and 
determine the energy saving potential of office buildings by using this model. 
 
The neuro-fuzzy network modeling approach is adopted to establish whole-system 
based models of office building energy performance (Krarti et. al., 1998). The main 
purpose of the modeling is to integrate various energy consuming components 
contributing to the total consumption in office buildings and the influential parameters 
for office building energy performance, which include physical parameters of space 
and environment control facilities, and operation manner, such as GFA etc. Using this 
approach, office building energy performance can be analyzed based on a whole-
system perspective and parameters’ impacts can be determined dynamically. Energy 
saving potential can also be determined quantitatively. Sun (2004) adopted this 
method in the study of the energy performance of data centers in Singapore and 
established the useful correlation between the energy consumption of data center and 
its operating parameters which can be used as an estimation of data center energy use. 
 
2.6 Discussion and conclusion 
 
In this chapter, the studies of office building energy saving potential analysis 
conducted to-date have been reviewed in the academic and industrial field. A 
description of office building and its classifications is also included. Office building 
energy performance in Singapore is reviewed in three aspects to present the latest 
development of energy study and the current office building energy consumption 
situation.  The existing approaches to office building energy saving potential analysis 
are highlighted in detail.  
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Among them, the whole building metered approach and the retrofit isolation approach 
to determining the energy consumption savings are similar in the concepts of saving 
computation but they differ in their ways of measuring the actual energy use and 
demand quantities to be used in savings determination. The whole building metered 
approach determines energy and demand savings through the use of whole facility 
energy (end-use) data, which may be measured by utility meters and data loggers. On 
the other hand, the retrofit isolation approach determines energy and demand savings 
through the use of meters to isolate the energy flows for the system(s) under 
consideration. The approach of computer software simulation is currently a very 
commonly used method to determine the energy consumption pre-retrofit and post-
retrofit by inputting different parameter values in the range on the basis of the 
building energy simulation software in academic and practical field. However, the 
simulation softwares database are mostly not designed for the tropical context since 
quite a lot of default items are developed on the basis of temperate climate. Thus, this 
approach is only adopted for the validation of the benchmarking approach in this 
study. The approach of experts’ walking through is very practical and is frequently 
applied in the industries. Moreover, the approach of neuro-fuzzy network model is 
briefly reviewed in this chapter and the benchmarking approach is described in depth 
in Chapters 3 and 4. 
 
There are advantages and disadvantages of each approach. The criteria of its 
application have been described in depth. It helps to direct how to choose the correct 
methodology in the respective study.  
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This chapter presents the research methodology adopted in this study. It discusses the 
physical background information of the selected buildings, explains the choice of the 
research samples, and details the energy measurement procedures. The method of data 
collection, data analysis and model validation are also covered in this chapter. 
 
3.2 Physical characteristics of the selected buildings 
 
Fifteen buildings were selected to do further energy audit and detailed investigation 
from the list of 104 buildings which had been surveyed earlier in 1998/1999. Among 
them twelve buildings were selected to conduct the preliminary benchmarking which 
was mentioned in the literature review section (refer to Section 2.4.1). And three more 
buildings are included in this study for a more complete picture of the office building 
energy performance in Singapore. The selection of the buildings was based on the 
quartile range (namely, the upper quartile, intermediate quartile and the lower quartile) 
in the cumulative Ogive curve as obtained in the previous studies (Lee and Kang, 
2000). The buildings were selected to represent a well-distributed proportion for each 
range. The sample represents buildings that were classified as Class I (TBEE ex cpa ≤ 
176 kWh/m2/year) - Advanced Energy Efficient Building (4 buildings), Class II (176 
kWh/m2/year < TBEE ex cpa < 268 kWh/m2/year) - Average Energy Efficient Building 
(9 buildings) and Class III (TBEE ex cpa ≥ 268 kWh/m2/year) - Low Energy Efficient 
Building (2 buildings) as shown in Figure 3.1. The regression equation which can 
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represent the trendline of the dots is also shown on the graph with the corresponding 
coefficient of determination being nearly 1.  
Cumulative Curve of TBEE ex cpa
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Figure 3.1: TBEE ex cpa Ogive curves of the 15 sampled buildings 
 
Although the number of buildings selected is relatively small compared to 104 
buildings, it can well represent the different groups of building within the 
classification system. A detailed assessment of the fifteen selected buildings’ energy 
performance from the physical aspect was conducted before introducing the 
methodology of this study for a better understanding of the selected building profile. 
The overall physical characteristics of the fifteen selected buildings are analyzed and 
evaluated in depth from the following aspects:   
 
1. Proportion of public and private-owned office buildings 
 
The sampled buildings comprise of a good balance of public and private sector 
buildings as shown in Figure 3.2. 67% (or 10) of the samples are private-owned 
buildings while the remainder are public-owned. 
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Distribution of Sampled Buildings by






Figure 3.2: Percentage distribution of sampled buildings by public and private sector 
 
2. Building function of sampled buildings 








Figure 3.3: Percentage distribution of sampled buildings by function 
 
Less than half of the sampled buildings have only one function i.e. pure office 
function. 40% (6 among 15) of the sampled buildings are pure office buildings while 
60% (9 among 15) are office cum retail buildings (see Figure 3.3). This represents a 
good mix of pure office buildings and office cum retail buildings.  
 
3.  Age of sampled buildings from year of construction to year 2004 
 
The age of sampled buildings covers a wide spectrum, ranging from new buildings of 
only three years old to the one which was built in the early 1970s (see Figure 3.4). 
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13.3% of the sampled buildings are less than 5 years old while 20% are over 15 years 
old. The main bulk of sampled buildings (67.7%) are between 5 to 15 years old, 
corresponding to the period of rapid economic growth in the late 1980s and early 
1990s. The average age of sampled buildings is 11.5 years, with a standard deviation 
of 6.5 years. The high standard deviation shows that the rate of renewal of building 
stock is slow, due to the high capital investment required. The median and mode age 
of the sampled buildings are both 10 years. 
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Figure 3.4: Age distribution of sampled buildings 
4.  Height distribution of sampled buildings 
 
In terms of building height, the sampled buildings show a good representation of 
office buildings in Singapore. It ranges from 7 to 52 in the number of total building 
storeys and 5 storeys to 47 storeys above ground (see Figure 3.5 and 3.6). 
 
Figure 3.5 shows the total number of storeys of all the sampled buildings. The average 
height is 22.9 storeys, with a standard deviation of 12.7. The median height is 21 
storeys. On the other hand, Figure 3.6 shows the number of storeys above ground of 
all the sampled buildings. The average height of sampled buildings is 21.1 storeys, 
Chapter 3 Methodology 
 
 41
with a standard deviation of 11.9. The median height is 21 storeys, too. The deviation 
is huge due to the disparity in height of the building samples. 
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Figure 3.5: Height distribution of sampled buildings (total number of storeys) 
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Figure 3.6: Height distribution of sampled buildings (the number of storey above 
ground) 
 
Most of the low-rise and medium-rise sampled buildings are public buildings. The 
proportion of low-rise (1-5 storeys), and medium-rise (6-20 storeys) and high-rise 
(>20 storeys) building is 6.7%, 40% and 53.3% respectively (see Figure 3.6 above). 
The high proportion of high-rise office building is due to the high land prices in 
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Singapore. The land area of Singapore of approximately 648.1 square kilometers and 
the population density of 4,896 people per sq. km is one of the highest in the whole 
world.  
 
5. Building area distribution of sampled buildings 
 
The distribution of gross floor area including car park area (GFA in cpa), gross floor 
area excluding car park area (GFA ex cpa), common area (CA), gloss letteable area 
(GLA), air-conditioned area (ACA), car park area (CPA) and M&E plant room area 
(MEPR) of sampled buildings is illustrated in Figure 3.7 on the following page.  
 
The range of GFA in cpa of the sampled buildings is between 18,820 m2 and 123,933 
m2. From this sample, 67.7% of the sampled buildings are greater than 30,000m2. The 
average GFA in cpa of the sampled buildings is 41,829 m2 with a standard deviation 
and median of 25,79 m2 and 40,000 m2 respectively. 
 
For the whole sample, the mean of GFA ex cpa, GLA and ACA are 34,280 m2, 23,758 
m2 and 25,772 m2, respectively. In terms of percentage distribution of GLA to GFA ex 
cpa, the average ratio is 71.05% with a standard deviation of 6.91%. This indicates that 
the landlord occupies roughly about 25 to 30% of their building space for their own 
use, such as office, plant room and corridor and the rest are rented out to tenants. 
In terms of percentage distribution of ACA to GFA ex cpa, the average ratio is 77.19% 
with a standard deviation of 9.68%. This indicates that almost all of the buildings 
spaces are fully air-conditioned which is typical for office buildings in Singapore.   
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Figure 3.7: Building area distribution of the sampled buildings 
 
6. Building Space Usage   
 
The main space usage of the office buildings studied are as office area (including 
retail area if it is an office cum retail building), common area (including lobby, 
corridor, toilet area and staircase, etc.) and plant room area. Figure 3.8 illustrates the 
percentage of building space usage in terms of GFA ex cpa for the entire sample of 
buildings. The average percentage distribution of area allocated to office (including 
retail area), common area and plant room is 70%, 25% and 5%, respectively. 
Percentage of Building Space Usage in terms 










Figure 3.8: Percentage distribution of building space usage in terms of GFA ex cpa
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7. Building Occupancy  
 
The building occupancy rate and number of occupants are also considered in the 
building performance assessment as these values are part of the major parameters that 
were considered and were confirmed to have great impact on the building energy 
consumption in previous studies (Lee and Kang, 2000). As the reliability of the data 
depends solely on the building owners, updated information was sought before the 
final assessment was made. 
 
From the data available, the average occupancy rate of the sampled buildings is 
93.6% with a standard deviation of 7.85% and the average area per occupant is 28.24 
m2/person with a standard deviation of 10.35. This reasonable standard deviation is 
attributed to the similar office design of the buildings. 
 
 
8. Building Functioning Time 
 
For office areas, the mean operating hours or functioning time per week is 54.28 
hours with a standard deviation of 4.89 hours. The mode and the median of operating 
hours per week are the same at 55 hours which is derived from earlier studies (Lee & 
Kang, 2000). Therefore this figure is used as the reference operating hours to 
calculate the building energy efficiency of office buildings for this particular study. 
On the other hand, the average operating hours of retail area in sampled buildings is 
66.07 hours.  
 
9. Building Indoor Environment 
According to the Singapore Standard Code of Practice for Mechanical and Air-
conditioning in Buildings (CP13: 1999), the Building Control Act (Chapter 29) and 
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the Building Control Regulations 2003, when the air conditioning system is in 
operation, the indoor dry-bulb temperature should be maintained within 22.5°C and 
25.5°C, and the air movement should not exceed 0.25m/s, measured at occupants 
level 1.5m from the floor and the average relative humidity should not exceed 70%. It 
is also stated that the outdoor air supply for comfort air-conditioning in offices should 
be 2.3 m3/h per m2 floor area or the minimum fresh air supply for office buildings is 
0.65 L/s per m2 floor area. 
  
From the data collected, the indoor conditions of the fifteen buildings do not display 
much variation because the indoor operating conditions are clearly specified in the 
building regulations and codes and strictly carried out in the buildings. In addition, the 
results obtained from field measurement also confirmed that the indoor conditions of 
the sampled buildings are very similar and are generally in compliance with the codes 
and regulations. The average indoor temperature setting is 23.16°C with a standard 
deviation of 0.69°C and the median and mode are both 23°C.  
 
Almost all the sampled buildings have relative humidity of between 55% and 67.5% 
and air-exchange rate of 13m3/h per person. Therefore, it is deemed that the indoor 
conditions of the sampled buildings are on the whole acceptable as they are compliant 
with the requirements specified. 
 
3.3 Methods of field measurement 
 


















Interview with building manager and filling in the data collection template 
Walk-through verification and preliminary assessment 
Measurement of environmental conditions 





Figure 3.9: Flow chart of field measurement procedures 
 
3.3.1 Interview with building manager and filling in the data collection 
template 
 
In the previous study, quite a few survey forms were developed in order to prepare the 
preliminary assessment of the building and for planning of detailed site measurements 
in the next stage. Personal interviews with the building manager were arranged to 
obtain general information of the investigated building such as building background, 
operation schedule, specifications of system and equipment, etc. There are two main 
aspects as follows: 
 
1. Examine the detailed building information and its physical characteristics 
z Functional use of the building and its percentage usage characteristics 
z GFA in cpa (m2); GLA (m2) (if available); ACA (m2); Car park area (m2); 
Data center area (m2);  
z Design ratio 
z Total number of floors; total number of basement floors 
z Shape of building 
z Age of building 
z Types of external façade 
z Number of occupants; Occupancy rate (%) 
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z Building function hours (hours/week) and Actual total building functional 
operating hours (hours/week) 
2. Identify the energy consuming equipment and systems in the building 
z Central plant air conditioning systems 
-  Chiller; Chilled Water Pump (CHWP); Condenser Water Pump (CWP); 
Cooling Tower (CT); Air Handling Unit (AHU); Fan Coil Unit (FCU) 
-  Stand alone air conditioner system, i.e. window unit air conditioner system 
and split central air conditioner system 
z Lighting system 
z Vertical transportation i.e. lift and escalator 
z Ventilation system i.e. exhaust fan and ventilator 
z Miscellaneous i.e. office equipment and electrical appliance 
z Data center equipment i.e. computer server, main frame, UPS etc 
 
3.3.2 Walk-through verification and preliminary assessment 
 
Conducting walk-through is the preliminary step before actual measurement. The 
main purpose is to examine the actual situation of the investigated building, 
inspecting the space usage and main energy consumers, detecting the existing 
problems and improper operations and to determine the measuring points for 
environmental and energy consumption measurements.  
 
The energy saving features from the passive system, active system and management 
are also examined. The possible causes of high-energy consumption (if any) or 
wastage inside the building were identified and investigated. Some suggestions and 
recommendations on energy saving opportunities could be made and proposed.  
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3.3.3 Measurement of environmental conditions 
 
Indoor environmental conditions including dry-bulb temperature (°C), relative 
humidity (RH, %) and lighting level (Lux) were measured inside the building. The 
measurements were taken with even time distribution (before, during and after 
working hours) in the common areas i.e. lobby, corridor, toilet and tenanted area on 
each selected sampling floor except the car park.  
 
For air temperature and RH, the measurements were taken near and at a distance away 
from the AHU; for lighting intensity, the measurements at common corridors and 
common areas were taken at a height of 1.2m from floor level and 1.2 m radiant 
distance away from the lighting source and the measurements at tenanted area were 
taken at a height of 0.7 m i.e. at task level. 
  
The measurements usually include spot measurement and short-time monitoring for 
one week during the same time of energy consumption measurement conducted on 
HVAC system.  
 
3.3.4 Measurement of energy consumption and power demand  
 
There are three sub-steps in the last stage of the field measurements, such as data 
collection on energy consuming equipment and system, building monthly electricity 
bill and building energy auditing. 
 
1. Data collection on building energy consuming equipment and system 
 
z The quantities, sizes and types 
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z Schedule of the operating hours of in-use building energy consuming 
equipment. 
z Location area served by these building energy consuming equipment 
z Rating power (kW) of these building energy consuming equipment 
z Location of these building energy consuming equipment 
 
2. Collection of the electricity bills of the past 24 months of the building.  
 
For a better grasp of the profile of the monthly electricity consumption, the electricity 
bills of 24 months can provide a better assessment on the energy consumption without 
too much deviation. If any large deviation is noticed, explanation and reason need to 
be sought from the building owners. 
 
However, if the past 24 months electricity bills are not available, bills for the past 12 
months or covering a minimum of 12-month period in proper sequence are considered 
to be acceptable for this study.  
 
3. Energy auditing 
 
For most buildings, data logging measurements are carried out mostly on the 
components of the central air conditioning system by using energy data-logger. Power 
measurements at a recording rate of 15 minutes time interval are conducted for all the 
buildings using the data loggers. The data are collected for a period of between 10 to 
14 days.  
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However, because of the diversity within the office buildings, it is very time 
consuming and costly to conduct the energy auditing on every energy consuming 
component. The description of the equipment data-logged and the reason why some 
equipment are not data-logged are explained as follows: 
 
Central Air conditioning System 
The central air conditioning system components i.e. chiller, chilled water pump, 
condensed water pump, cooling tower, AHU, FCU etc. are logged on over a period of 
between 7-14 days with power measurement recorded at an interval of 10 minutes. 
 
Vertical Transportation 
Vertical transportation system such as lifts (goods lift, passenger lift, VIP lift) and 
escalators are logged on over a period of between 7-14 days with power measurement 
recorded at an interval of 10 minutes. Only a few buildings were data logged and this 
is optional as it is dependent on the channel points on the energy data-logger and also 
the data storage of the logger. For un-logged buildings, the rated power and the 
operating hour’s time pattern are recorded to estimate and audit the vertical 
transportation energy consumption. 
 
Ventilation System 
The energy consumption auditing for the ventilation system in the building is not 
conducted with the energy data-logger equipment because the quantity of the 
ventilation equipment inside almost all the buildings is very large and it adds up to a 
few hundreds in number but each with small power rating; the ventilation equipment 
(i.e. exhaust fan, supply fan etc.) is scattered and located around the staircase, car park 
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and toilet, etc, and the location of the electrical panel of each of the ventilation 
equipment is scattered around.   
 
The quantity and rated power of the various exhaust system and the operating hours 
time pattern are recorded to estimate and audit the energy consumption of the 
ventilation system used in the assessed building. Power demand and operating 
schedule time pattern for the ventilation system are assumed to be consistent. 
 
Lighting System 
Similar reasons as mentioned above are also applied to the lighting system, hence, it is 
not audited with the energy data-logger equipment in lighting system. Similarly, as 
with the ventilation system, the quantity and rated power of the lighting system and 
the operating hours time pattern are recorded to estimate and audit the lighting energy 
consumption used in the building. Power demand and operating schedule time pattern 
for the lighting system are assumed to be consistent. 
 
Hence due to the various constraints mentioned above, and the limited manpower 
resources, it would be very difficult and sometimes even impossible to carry out the 
data logging measurements.  
 
4. The determination of energy consumption of office equipment and other 
miscellaneous appliances 
 
The energy consumption of office equipment and other miscellaneous appliances is 
taken as the balance of the other four systems subtracted from the total building 
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energy consumption because the auditing of all of these equipment and appliances in 
office is quite difficult to conduct.  
 
3.4 Building system and central air conditioning sub-system benchmarking 
 
Benchmarking has been demonstrated as an effective tool for energy efficiency 
improvement with diverse types of buildings and equipment, such as the Energy Star 
program operated by Environmental Protection Agency (EPA) in the US. In the study 
of office building energy performance, benchmarking would lead to improved energy 
efficiency through identification, comparison and developing best practice (Lee, 
2000). 
 
Similar building energy efficiency benchmarking of twelve office buildings had been 
established before. And based on the more detailed data obtained from the fifteen 
office buildings investigated, initial benchmarking of the building energy consuming 
systems and central air conditioning sub-systems is conducted to further examine and 
compare the energy performance of office buildings. The benchmark exercise 
provides a baseline for the better understanding of the operation situation of the office 
building energy systems and central air conditioning sub-systems, and could then be 
used to track the energy performance over time. 
 
3.4.1 Characterization of building system and CAC sub-system energy 
efficiency 
 
The descriptive statistics analysis of the various building systems and central air 
conditioning sub-systems energy efficiency of the fifteen selected sampled buildings 
are conducted to generate the characterization of the main office building energy 
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consuming equipment and to develop the corresponding classification (see Table 3.1 
and Table 3.2). Typically, the total building energy consumption excluding car park is 
distributed among the five main building systems which consume energy. They are as 
follows: 
(a) Air conditioning system,  
(b) Lighting system, 
(c) Ventilation system, 
(d) Transportation system, and 
(e) Office equipment and miscellaneous electrical appliances. 






TBL ex cpa EE 
(kWh/m2/yr) 
TBV ex cpa EE 
(kWh/m2/yr) 




Mean 155.71 27.69 6.74 16.03 75.68 
Standard Error 15.60 1.99 1.40 1.81 8.51 
Median 140.63 28.72 4.76 14.51 78.44 
Standard Deviation 60.41 7.71 5.42 7.02 32.94 
Minimum 60.47 12.77 0.00 4.95 3.58 
Maximum 295.37 38.20 17.16 31.91 118.32 
Count 15 15 15 15 15 
Confidence Level 
(95.0%) 33.46 4.27 3.00 3.89 18.24 
 
And the central air conditioning (CAC) system also includes five main components as 
follows, among which chiller is the most intensive energy consumer: 
(a) Chiller (CH) 
(b) Chilled water pump (CHWP) 
(c) Condensing water pump (CWP) 
(d) Cooling tower (CT) 
(e) Air handling unit (AHU) 
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Mean 126.14 64.78 12.27 12.40 3.87 24.83 
Standard Error 8.85 4.92 1.13 2.01 0.66 2.87 
Median 119.73 55.61 11.60 8.92 3.38 23.59 
Standard Deviation 34.27 19.04 4.36 7.78 2.56 11.13 
Minimum 67.28 42.89 7.38 4.46 0.51 5.24 
Maximum 189.73 97.45 25.00 30.09 10.48 43.91 
Count 15 15 15 15 15 15 
Confidence Level 
(95.0%) 18.98 10.54 2.42 4.31 1.42 6.17 
Characterization of total building energy efficiency classification can serve as a 
building energy performance assessment indicator that further defines the usage of the 
energy consumption by the air conditioning system per unit air conditioning area 
inside the building. Comparatively, total building energy efficiency classification 
serves as a building energy performance assessment indicator to classify the usage of 
energy consumption inside the building according to total building energy 
consumption consumed per unit output gross floor area excluding car park area.  
 
3.4.2 Building system and AC sub-system energy efficiency classification 
 
Based on the data collected, each building was evaluated, computed, classified and 
banded accordingly to the top 25%, intermediate group of 50% and the bottom group 
of 25% percentile on the Ogive curve (cumulative percentile) for the energy 
efficiency of building energy systems and central air conditioning sub-systems.  
 
The overall sample of buildings with respect to their classifications was analyzed in 
detail for the derivation, modeling, development and building up characterization on 
building system energy efficiency classification indicator scale. The results from 
previous work (Lee and Kang, 2000a, 2000b and Lee 1998] were used to derive the 
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formulation, classification systems and improve the indicator scales to provide a 
better measurement and assessment of the energy performance of the building. This 
situation provides excellent opportunities for improving the energy efficiency of the 
building by looking at all the individual energy consuming parameters within building 
systems.  
 
In view of the classification system of total building energy efficiency studied before, 
buildings are classified into three groups based on the total building energy 
consumption per unit output gross floor area as follows: 
(a) Class I    - Advanced Energy Efficient Building, 
(b) Class II   - Average Energy Efficient Building,  
(c) Class III - Low Energy Efficient Building. 
The three similar groups of buildings are also classified for the five main building 
energy consuming systems and air conditioning sub-systems.  The building air 
conditioning system was identified to be the predominant energy consumer in the total 
building energy consumption in the previous study. It has the most critical effect on 
the total building energy efficiency evaluation of an office building as compared to 
other building energy consuming equipment i.e. ventilation, vertical transportation, 
lighting etc. Hence a more detailed classification is undertaken for central air 
conditioning system and its sub-systems. The chiller system is also categorized into 
three groups emphatically since it is the largest energy consuming component in 
central air conditioning system.  
 
The purpose for the development of the characterization of total building energy 
classification is to characterize the total building energy efficiency from the aspect of 
air conditioning system energy performance. Figure 3.10 shows the flowchart 
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indicating the development concept of the total building energy efficiency 



























3.5 Methodology of office building energy saving potential analysis 
 
The office building energy saving potential may be expressed as “very good” to “very 
poor” for different ranges of the indicator value. An indication of the overall energy 
saving potential may be obtained by taking the difference between the building’s 
indicator value and the target value. This difference, multiplied by the normalizing 
factor, gives the potential energy saving. The savings obtained in this way is only an 
indication, a preliminary estimate, since even if it is technically possible to reach the 
target value the measures might not be cost-effective.  
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Target values are values of the indicator for some specific buildings whose energy 
performance are well above the designated retrofit building: they represent a set of 
goals for the designated energy retrofit building. Target values for energy indicator 
can be established in two ways (Lyberg, 1999): 
 
1. By statistical analysis of a large number of similar buildings. Buildings in the first 
quartile of the distribution may serve as realistic target values. 
 
2. From the theoretical regression correlation calculations of the energy consumption 
or efficiency of typical building types constructed to energy conscious standards 
and/or the building system parameters. Such an approach has some advantages: 
factors out of the retrofitter’s control, for example, the size, shape, operation hours, 
occupancy, etc. can be accommodated into standard calculation procedures. 
 
In practice, these two methods tend to be used in combination, since the validation of 
the calculation models requires checking against actual values taken from, e.g. the 
database used for the statistical analysis (Katipamula and Claridge, 1993). 
 
Here in this study two main approaches are presented to quantify the office building 
energy saving potential developed on the basis of the office building energy 
benchmarking in Singapore. They are system-level benchmark approach (approach I) 
and regression correlation model approach (approach II). 
 
The system-level benchmark approach combines the contents of the method I 
mentioned above and the retrofit isolation approach (see Section 2.5.2.2) which 
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assesses the building energy saving by comparing each building system with that of 
the target directly. In other words, firstly a rough TBEE ex cpa target range needs to be 
set, i.e. assuming the designated retrofit building to be a Class I building after retrofit; 
then the average values of Class I energy efficiency of the building systems are set as 
the targets for the corresponding systems respectively; finally the TBEE ex cpa can be 
computed after obtaining the energy efficiency of the various building systems. This 
approach can also be applied to the central air conditioning sub-systems. For example, 
if the CAC system as a whole is improved to Class I, the average value of Class I 
CAC sub-systems are set as the target respectively and CAC energy efficiency is 
calculated at last.  
 
On the other hand, the regression correlation model approach adopts the contents of 
method II above and the whole building metered approach, but further details it. The 
regression analysis is undertaken between building energy consuming systems’ 
parameter and the TBEE ex cpa to develop the quantifiable relationship stepwise. It 
assesses the building energy saving by mathematical calculation of regression 
correlationship. 
 
In the process of establishing the predictive models by these two approaches, the 
criterion used to select the most appropriate model is to maximize the goodness-of-fit 
using the simplest model or combination of models (Draper and Smith, 1983).  
 
The same energy saving target based on the benchmark of TBEE ex cpa is set for the 
sampled building by these two approaches. The validation of the final result is made 
by doing the building energy simulation by the program of VisualDOE 4.0 after 
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comparing the results of Approaches I and II. Once the simulation result can validate 
the model of Approaches I and II, technological recommendation and economic 
analysis of different energy conservation measurements of the investigated building 
will be done to accomplish the computed energy saving potential (this part of work is 
regarded as future work which is not included in this thesis). The general procedure of 
these two approaches as a whole is as shown in the format of flow chart in Figure 3.11 











Of f ice Building Energy  Perf ormance
Classif ication and Benchmark in Singapore
Dev elopment of  2 Approaches to Determine
the Energy  Sav ing Potential
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Figure 3.11: General flow chart of methodology of office building energy saving 
potential analysis 
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The formulas used in the procedure of calculating office building energy saving 
potential are listed step by step as follows:  
TBEC ex cpa = TBEE ex cpa*[GFA ex cpa -GLA*(1-OR)]/OHF                               Eqn (3.1) 
Where,  
TBEE ex cpa:  total building energy efficiency excluding car park area (kWh/m2/year); 
TBEC ex cpa:  total building energy consumption excluding car park area (kWh/year); 
GFA ex cpa:  gross floor area excluding car park area (m2); 
GLA:  gross lettable area (m2); 
OR:  occupancy rate; 
OHF:  Operation Hours Factor, the mode operating hours (55 hours) with 
respect to the existing building operating hour 
 
TBAC EE = TBAC EC/ACA                                                                               Eqn (3.2) 
Where,  
TBAC EC: energy consumption of AC system (kWh/year); 
TBAC EE: energy efficiency of AC system (kWh/m2/year); 
ACA: Air-conditioned area (m2); 
 
TBOEEA EE = TBOEEA EC /GLA                                                                    Eqn (3.3) 
Where,  
TBOEEA EC: energy consumption of office equipment (kWh/year); 
TBOEEA EE: energy efficiency of office equipment (kWh/m2/year); 
 
TBL ex cpa EE = TBL EC ex cpa /GFA ex cpa                                                                                           Eqn (3.4) 
Where,  
TBL EC ex cpa:  energy consumption of lighting system excluding car park area 
(kWh/year); 
TBL EE ex cpa:  energy efficiency of lighting system excluding car park area 
(kWh/m2/year); 
 
TBV ex cpa EE = TBV EC ex cpa /GFA ex cpa                                                                                          Eqn (3.5) 
Where,  
TBV EC ex cpa:    energy consumption of ventilation system excluding car park area 
(kWh/year); 
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TBT ex cpa EE = TBT EC ex cpa /GFA ex cpa                                                                                           Eqn (3.6) 
Where,  
TBT EC ex cpa:    energy consumption of transportation system excluding car park area 
(kWh/year); 
TBT EE ex cpa:  energy efficiency of transportation system excluding car park area 
(kWh/m2/year). 
 
The six formulas shown above define the energy efficiency of the building and the 
building systems which normalizes the energy consumption by the corresponding 
using area.  
 TBEC ex cpa= TBAC EC+TBOEEA EC+TBL ex cpa EC+TBV ex cpa EC+TBT ex cpa EC   
 Eqn (3.7) 
 
TBEC ex cpa=  TBAC EE*ACA+TBOEEA EC*GLA + (TBL EE+TBV EE+TBT EE) * 
GFA ex cpa        Eqn  (3.8) 
 
Formula 3.8 and 3.9 define the building energy consumption which is the sum of five 
building system energy consumption. 
TBEC ex cpa SP = TBAC EC SP+TBOEEA EC SP + TBL ex cpa EC SP + TBV ex cpa EC 
SP + TBT ex cpa EC SP Eqn (3.9) 
 
Where,  
TBEC ex cpa SP:  saving potential of total building energy consumption excluding car 
park area (kWh/year); 
TBAC EC SP:  saving potential of energy consumption of AC system (kWh/year); 
TBOEEA EC SP:  saving potential of energy consumption of office equipment 
(kWh/year); 
TBL EC ex cpa SP:  saving potential of energy consumption of lighting system 
excluding car park area (kWh/year); 
TBV EC ex cpa SP:   saving potential of energy consumption of ventilation system 
excluding car park area (kWh/year); 
TBT EC ex cpa SP:   saving potential of energy consumption of transportation system 
excluding car park area (kWh/year); 
 
TBEC ex cpa SP =  TBAC EE SP*ACA+TBOEEA EC SP*GLA + (TBL EE SP+TBV 
EE SP +TBT EE SP)*GFA ex  Eqn (3.10) 
 
Where,  
TBAC EE SP:  saving potential of energy efficiency of AC system 
(kWh/m2/year); 
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TBOEEA EE SP:  saving potential of energy efficiency of office equipment 
(kWh/m2/year); 
TBL EE ex cpa SP:  saving potential of energy efficiency of lighting system excluding 
car park area (kWh/m2/year); 
TBV EE ex cpa SP:  saving potential of energy efficiency of ventilation system 
excluding car park area (kWh/m2/year); 
TBT EE ex cpa SP:  saving potential of energy efficiency of transportation system 
excluding car park area (kWh/m2/year). 
 
 
Formula 3.9 and 3.10 define how to calculate the building energy saving potential 
from the aspect of all the building systems. 
 
 
3.5.1 System-level benchmark approach 
 
Based on the benchmarking curve for the total building energy efficiency, building 
energy consuming system energy efficiency and central air conditioning sub-system 
energy efficiency, the building owner may determine his/her building performance 
ranking, and set energy efficient target for its management. In addition, the systems’ 
benchmarks clearly show where the building has underperformed in relation to 
various classes of building and with particular reference to a building services system. 
The energy services engineer can then develop energy retrofitting strategies to 
optimize investment return and, if budget constraints, can handle the retrofitting work 
in stages to demonstrate the effectiveness of energy retrofitting project.  
 
On the other hand, for a proposed building, the developer can set a target for his 
design team with the reference of the benchmarks. This verifiable target may be 
checked during the commissioning test stage. This ensures professionalism on the part 
of the design consultants to exercise design control and the final delivery of a set of 
performance target. In addition, from the benchmark created, a design consultant is 
able to set energy design budget for the entire air conditioning system and the lighting 
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system, as well as other systems. This allows a design engineer to control system 
design and ensure that equipment and system selection are compatible with the target 
set. 
 
The detailed procedures of this system level benchmark approach to energy saving 
potential analysis are shown as follows: First the total building energy efficiency after 
the assumed building retrofit is roughly determined from the established whole 
building level benchmark. The targets of building systems or the AC sub-systems are 
taken directly from the statistical analysis of the corresponding building systems or 
the AC sub-system benchmark curve and classification, respectively. If the calculated 
statistical value is more than the original one in a certain system or sub-system, the 
original value will be taken as target, instead. The final TBEE ex cpa will be calculated 
again after obtaining the building system energy efficiency. And so the building 
energy saving potential is decided. There must be some difference between the target 
set arbitrarily and the final result calculated from the systems in total building energy 
saving, even though TBEE ex cpa is set at the same level as the building systems and no 
adjustment is made to the building systems’ energy efficiency, because TBEE ex cpa is 
not a simple sum of the energy efficiency of all the five systems.  In fact, the initial 
TBEE ex cpa target is only a rough reference which indicates the total saving range and 
direct the target level of building systems. Also the building energy saving potential is 
entirely determined by the saving target of building systems. A detailed flow diagram 
presenting the application of the methodology of system-level benchmark approach is 
shown below in Figure 3.12. The details of how to apply approach I in the building 
energy saving potential analysis are described in the following section of case study. 
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3.5.2 Regression correlation approach 
 
The regression correlation approach concentrates on the data analysis of building 
energy efficiency of the whole building and all the five individual energy consuming 
systems to quantify total building energy saving potential from another point of view. 
The total building energy saving is achieved by saving energy for each building 
system. The building managers are keen to know the detailed breakdown of the total 
building energy saving target with respect to the various systems or subsystems. 
Consequently, a uniform index of total building energy performance (TBEC ex cpa or 
TBEE ex cpa) is used as the independent variable in the correlation regression for the 
five building systems. It is found that TBEE ex cpa, which is normalized by operation 
hour, occupancy rate and usage area, is better correlated with the building system 
energy performance index. 
 
In addition, according to the collected data of the fifteen buildings, regression analysis 
is conducted between the parameters of all the five energy consuming systems and 
TBEE ex- cpa. The reason for highlighting the energy efficiency of the whole building 
in this approach is that this methodology is still developed from the whole building 
energy benchmark (see Chapter 2.4). Hence, the statistical analysis of the 
representative parameter of each system is undertaken to search for a satisfactory 
coefficient of determination of the bivariate linear, multiple linear or nonlinear 










 Figure 3.13: Flow chart of methodology of regression correlation approach 
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Besides the equations mentioned above, the following two equations are also used in 
this approach and the percentage parameters are easily derived as the system energy 
consumption with respect to that of the total. 
 
% TBOEEA EC ex cpa = TBOEEA EC / TBEC ex cpa*100%   Eqn (3.11) 
 
% TBOEEA EC ex cpa : the percentage of office equipment energy consumption 
accounting among total building energy consumption excluding car park area 
 
% (TBL+TBV+TBT) EC ex cpa = (TBL+TBV+TBT) EC ex cpa / TBEC ex cpa*100%  
 Eqn (3.12) 
 
% (TBL+TBV+TBT) EC ex cpa : the percentage of the sum of total building lighting 
system, ventilation system and transportation system energy consumption excluding 
car park area accounting among total building energy consumption excluding car park 
area 
 
The main concerns to develop Approach II are the establishment of regression model 
between TBAC EE and TBEE ex cpa, % TBOEEA EC ex cpa and TBEE ex cpa, and the 
three methods to calculate the energy saving for lighting, ventilation and 
transportation system. These steps are further explained as follows:  
 
i. To establish the relationship between the TBEE ex cpa (as X, the independent variable) 
and the energy efficiency of the five building systems, respectively (as Y, the 
dependent variable) all in terms of kWh/m2/year; to evaluate p-value and the 
coefficient of determination (R2) to determine the significance of the parameter and 
the goodness of fit between regression line and observed data points. It is found that 
only TBAC EE is well correlated with TBEE ex cpa with p-value being less than 0.05 
and R2 being over 0.8 after the data analysis.  
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ii. According to the former study of building energy component analysis, the five 
systems’ energy consumption percentage indicates a good correlation among the 
different buildings (see Section 2.4.3). So the index of the contribution percentage of 
the rest four building systems taking up among the total building energy consumption 
(as Y, the dependent variable) in terms of “% TBOEEA EC ex cpa”, “% TBT EC ex cpa”, 
“% TBV EC ex cpa” and “% TBL EC ex cpa” is taken into consideration and plot against 
TBEE ex cpa (as X, the independent variable) respectively in regression curves. 
However, only “% TBOEEA EC ex cpa” is significant and well correlated with TBEE ex 
cpa with R2 being over 0.8. But if “% TBT EC ex cpa”, “% TBV EC ex cpa” and “% TBL 
EC ex cpa” can be combined as a whole in terms of “%(TBL+TBV+TBT) EC ex cpa”, it 
is quadratic correlated with TBEE ex cpa with R2 being 0.8126.       
 
iii. To set the total building energy efficiency saving target point after retrofitting on 
the above curves, TBAC EE’ and % TBOEEA EC’ ex cpa can be obtained by 
substituting the target TBEE ex cpa in the corresponding equations. So the proposed 
energy savings in these two systems can be computed by calculating the difference 
between the current situation and target situation to generate the responding saving for 
each system. Besides, since the change of office equipment energy efficiency 
influences the cooling load of air conditioning system, the energy savings in air 
conditioning system warrants critical attention and needs to do adjustments because of 
the interaction between these two systems (see Section 4.4.7). 
 
iv. There are three indirect methods for calculating the energy saving for lighting, 
ventilation and transportation system because their poor correlation as a function of 
total building energy efficiency individually and each of these three systems just takes 
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up a very small amount of the total building energy consumption compared to that of 
AC system and office equipment in the previous study. Consequently, these three 
systems are taken as a whole or each of them is combined with TBAC EE ex cpa in 
order to establish another type of index in a good correlation. As for the energy 
savings for each of the three building systems, if they three are taken as a whole, it is 
feasible to identify the contribution percentage of each system among this whole part 
clearly with the three system energy consumption distribution for each building and 
then the energy efficiency saving of each system is calculated by multiplying the 
corresponding proportion in the pie chart; if the energy efficiency of each of these 
three systems is combined with TBAC EE, it is just to subtract the TBAC EE. The 
calculation result needs to be adjusted if it is more than the original one. These three 
indirect methods are described as follows: 
 
a). The residue method  
Firstly, these three systems are taken as a whole and their energy savings is 
calculated by subtracting that of air conditioning system and office equipment 
from the total savings. And then the energy efficiency savings of each system 
are calculated by multiplying the corresponding proportion. 
 
b). The percentage regression method 
There is acceptable correlationship between % (TBL+TBV+TBT) EC ex cpa and 
TBEE ex cpa as mentioned above so the savings as a whole can be gained easily. 
Following the similar procedures as the residue method, then the energy 
efficiency saving of each system is calculated individually. 
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c). The regression model of the combination with TBAC EE 
It is found that the energy efficiency of each of these three systems combined 
with TBAC EE is well correlated with TBEE ex cpa, so the sum energy 
efficiency can be gained easily. The calculation of energy efficiency of each 
system is by subtracting the TBAC EE from the sum energy efficiency. 
 
v. To obtain the total building energy consumption saving potential after retrofit by 
adding up the savings of all the five systems.  
 
This method is further clarified through the case study of the energy saving analysis 
on the sampled buildings in Section 4.4.7. 
 
3.6 Uncertainty analysis  
 
Uncertainty in structural engineering systems can be mainly attributed to ambiguity 
and vagueness in defining the variables of the systems and their relations (Ayyub, and 
Gupta, 1997). In this thesis, the uncertainty analysis focuses on the ambiguity aspect 
of uncertainty due to non-cognitive sources which include physical randomness; 
statistical uncertainty due to the use of limited information in estimating the 
characteristics of the these variables; and model uncertainties which are due to 
simplifying assumptions in analytical and predictive models, simplified methods, and 
idealized presentations of real performances.  
 
Uncertainty is described in the format of the interval around the measured value 
within which the true value is expected to fall with some stated confidence (Attoh-
Okine, and Ayyub, 2005). Confidence limits define the range of values that can be 
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expected to include the true value with a stated probability. It is essential to quantify 
the uncertainty in the energy savings because a statement of measured value without 
an accompanying uncertainty statement has limited meaning (Chavas, 2004).  
 
According to the main types of sources of possible errors, the calculation formulas of 
uncertainty are shown as follows:   
i. Sampling uncertainty (Us)  
Random sampling errors arise from chance variations between sample and population 
characteristics. According to Ayyub and Gupta (1997), the relative uncertainty created 
by estimating the mean (Y ) of a population of Q items from a random sample of q 












−= −    Eqn (3.13) 
(Source: Ayyub and Gupta, 1997) 
ii. Other sources of uncertainty 
a). Errors of measured and collected data 
Uncertainty analysis on the energy consumption and power demand data is performed 
in this study. Considering the accuracy of the data which are either measured or 
collected, the possible sources of error that are envisaged to arise are listed as below: 
• Actual data logging, 
• GFA computation,  
• Operation hours 
• Physical environment measurement (temperature, lighting level, noise level), 
or 
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• Between survey & measured data, etc. 
For example, the major error sources lying in the calculation of the most frequently 
used parameter in this thesis “energy efficiency” or called “energy consumption 
index” / “energy use intensity” in terms of kWh/m2/year are as follows: 
 
Firstly, combined systematic and random errors of instrument and measurement are 
the main source of uncertainty of the energy data measured. 
 
Secondly, there are areas that are seemingly easy to measure but are not, such as GFA 
or ACA. Normally all the building area data cannot be obtained directly so there is a 
need to check the building sketches and calculate it manually. However, most of the 
buildings are not in regular shape and the car park area or staircase area etc. can not 
be accurately calculated. This complex constitution of the building floor area for 
different functions leads to the difficulty of determining a reasonable and 
representative building area, which is significant for the calculations of energy 
efficiency (kWh/m2/year). 
 
Thirdly, the operating hours of the individual office buildings are estimated by the 
survey. But actually it is generally determined according to whether it is a public 
building or a private building. Due to the overtime of the tenants from time to time, 
operating hours cannot be considered as a constant value. 
 
Apart from the above, errors are also envisaged to arise from comparison of the 
measured data with the billed energy use. The accuracy of recorded data could be 
assessed by reference to the source of the data. 
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During the energy performance analysis, it is necessary to pay close attention to those 
possible error resources, so as to make the data as accurate as possible. Nevertheless, 
fortunately, the possible inaccuracy mentioned above has only little impact on the 
final result since the monthly electricity bill of two years are provided and the 
possible miscalculated area is just a very small portion of the building gross area for 
different functions. As for the operation schedule, the overtime of tenants does not 
affect the central air conditioning system which is the largest portion in total building 
energy consumption. So the possible biases of the area and operation schedule are 
ignored. The energy efficiency in terms of kWh/m2/year, can at least serve as an 
estimate in this study. 
 
As a summary, however, it is known the uncertainty due to measured and collected 
data errors can be taken as only 2% for at 95% confidence level (ASME, 1990).  
 
b). Model estimate uncertainty  
This uncertainty is mainly attributed to three aspects as follows: 
1). Model mis-specification errors which are due to the fact that the functional form of 
the regression model is usually an approximation of the true driving function of the 
response variable. 
2). Model prediction errors that arise due to the fact that a model is never “perfect”. 
3). Model extrapolation errors, which arise when a model is used for prediction 
outside the region covered by the original data from which the model has been 
identified. 
 
The problem of modeling uncertainty arises after the calculation equations are 
established. Here are two indicators representing how well a mathematical model 
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describes the variability in measured data. The first one is an absolute value while the 
other one is a relative one. These indices are computed for the single mathematical 
model (single linear regression model and multiple linear one) (Bowerman and 
O’Connell, 1990). They are defined as shown below:   
z Standard error of the estimate (S):  
pn











     Eqn (3.14) 
(Source: Bowerman and O’Connell, 1990) 
z Coefficient of variation of the root mean square error (CVRMSE): 
CVRMSE = 
Y












  Eqn (3.15) 
(Source: Reddy, 1997) 
Here SSE is the error sum of squares; Yi is the calculated value of the regression 
model; Y  is the value of Y predicted by the model; n is the number of observations; p 
is the number of model parameters. 
ˆ
 
The best way to minimize all the above sources of error is to calibrate the instruments 
properly, increase the number of data observations (sampling points), and take 
observations under operating conditions that cover the entire range of variation of 
system operation.  
 
The accuracy of a savings estimate can be improved in two general ways. One is by 
reducing biases, by using better or stipulated values. The second way is by adopting 
the more efficient sample design, or applying better measurement techniques. 
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iii. Combining components of uncertainty 
 
Since the savings estimate (SE) is a sum of several independently estimated 
components (C), hence,  
SE = C1+C2+C3+…+Cn,  Eqn (3.16) 





1 )()()()( nCSCSCSCS +⋅⋅⋅+++=   Eqn (3.17) 
And the corresponding relative value is given by 








1 CVRMSE CVRMSE  CVRMSE  CVRMSE +…+++=   Eqn (3.19) 
(Source: Attoh-Okine, and Ayyub, 2005) 
 
3.7 Validation of office building energy saving potential model 
 
Based on the investigations conducted in the 15 office buildings, four building cases 
are analyzed and compared by two approaches in Chapter 4.  And two verified office 
buildings among these four are selected to validate this energy saving potential 
predictive model.  
 
After the evaluation of the cost and performance of different BSPs available, 
VisualDOE (version 4.0) energy simulation program is chosen for this study. This 
program uses the DOE-2.1E hourly simulation tool as the calculation engine to 
perform dynamic evaluation on energy use and peak demand accurately on hour-by-
hour basis.  
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This validation includes the following steps: 
First, all the data such as operating schedules, occupancy rate, lightings and 
equipment load, chiller size and performance, etc are retrieved from the past project. 
Data on building envelope design detail follows closely to the Singapore reference 
building due to lack of information from previous reports. The input file for 
VisualDOE 4.0 simulation is then created using all collected data. 
 
Based on the output from the simulation, annual energy consumption computed by 
simulation is compared with actual annual consumption data to check the accuracy 
and validity of this simulation model so as to establish base building.  
 
Finally, the retrofitting strategies are explored. This is done by changing the input 
design variables for different glazings, various daylight controls and chiller resize 
retrofit. The cooling and chiller resize are calculated by using the simulation program. 
More simulations are carried out to examine the combination effect of both glazing 
retrofit and daylight control. Some other simulations are done to examine the 
combination effect of both variables with chiller resize retrofit. The results obtained 
from all retrofit simulations are compared with the base building to calculate the 
energy consumption saving until it meets the result of the predictive model.  Data 




In this chapter, research methodology and design is described in detail. Selecting 
strategy to study office buildings and methods of field measurement were introduced 
at the beginning. A series of preliminary models of the office building energy saving 
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potential by two different approaches were developed on the basis of investigation 
and evaluation in this study. Moreover, overall uncertainty analysis, benchmarking of 
office building systems’ and central air conditioning sub-systems’ energy 
performance were employed as the highlight of this chapter. The adoption of 
simulation program as the validation of office building energy saving model was 
presented at last. 
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In this chapter, the overall detailed data analysis of the fifteen buildings is developed 
to better understand office buildings’ energy performance for whole building and air 
conditioning system. The benchmarks of office buildings’ energy consuming systems 
and the central air conditioning sub-systems are established to identify the energy 
performance of each of the office building energy consuming components. And these 
benchmarks can help to set the targets for enhancing energy efficiency of a building. 
Four case buildings are analyzed through system-level benchmark approach and 
regression correlation approach. A comparative study of the two sets of results is 
carried out. In addition, two verified office buildings among these four have been 
selected for the energy simulation study to validate their respective energy saving 
potentials by using the predictive models. Overall uncertainty analysis is undertaken 
in the process of data analysis. 
 
4.2 Energy consumption analysis 
  
4.2.1 Consumption analysis of building energy consuming systems  
 
The building energy consuming systems considered here consists of the five main 
components. They are the air conditioning system, lighting system, vertical 
transportation system, ventilation system, office equipment and other miscellaneous 
appliances. Figure 4.1 shows the percentage distribution of the energy consumption of 
building systems and equipment with respect to the total building energy consumption 
on the basis of the average of the fifteen office buildings studied. 
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Figure 4.1: Percentage distribution of energy consumption of building systems among 
the fifteen office buildings studied 
 
Figure 4.1 shows that the air conditioning system consumed about 50.80%, over half 
of the total building energy consumption and this is typical of office buildings in 
Singapore. Office equipment and other electrical appliances consume about 26.99%, 
over a quarter. This may be due to the extensive use of equipment such as desktop 
computers, servers etc which are a necessity for the modern office to function 
effectively and productively. On the other hand, the lighting system, transportation 
system and ventilation system consume just a very small amount about 11.22%, 
7.07% and 3.91% of the total building energy consumption respectively.  
 
Furthermore, for the analysis on the energy consumption of the building system of 
each sampled building in this study, the percentage distribution of energy 
consumption of the energy consuming components for each of the fifteen sampled 
buildings is shown below in Figure 4.2. The overall relevant descriptive statistical 
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Figure 4.2: Percentage distribution of the energy consumption of building systems and 
equipment for each sampled building 
 
Table 4.1: Summary of statistics on energy consumption of building systems 
 TBAC EC (MWh/year) 
TBL ex cpa EC 
(MWh/year) 
TBV ex cpa EC 
(MWh/year) 
TBT ex cpa EC 
(MWh/year) 
TBOEEA  EC 
(MWh/year) 
Mean 3,808 841 293 530 2,024 
Standard Error 520 81 110 84 457 
Minimum 1,533 412 0 78 43 
Maximum 8,218 1,319 1,707 1,392 7,297 
Confidence Level 
(95.0%) 1,115 174 236 179 980 
 
From the statistical analysis, the lighting consumption has an average of 841 MWh 
per year with a standard error of 81 MWh per year which is less than 10% of the 
average; and transportation consumption has an average of 530 MWh per year with a 
standard error of 84 MWh per year taking up one sixth of the mean. And the 
corresponding confidence intervals are not large. These relatively small deviations 
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indicate that the consumption of the lighting system and transportation system do not 
vary much from one building to another.  
 
On the other hand, the average energy consumption of ventilation systems was found 
to be 293 MWh per year with a standard error of 110 MWh per year taking up amost 
one third of the mean and the minimum of 0 MWh per year. The confidence interval 
of ventilation system is more than the mean. This large deviation could be attributed 
to the different usage of ventilation equipment such as fans in the staircase and toilets 
etc. There is one building among these fifteen buildings designing with open car park 
and the toilets mostly on the conditions of natural ventilation and so the ventilation 
consumption is almost zero.  
 
4.2.2 Total building air conditioning system and central air conditioning system 
energy consumption 
 
From the overall assessment of building energy consuming systems and equipment, 
the air conditioning system is found to be the major energy consuming component of 
typical office buildings in Singapore. For better understanding of the energy 
consumption of the air conditioning system in this study, the air conditioning system 
(divided into the total air conditioning system and central air conditioning system) is 
further analyzed.  The energy consuming equipment of the total air conditioning 
system considered comprises chiller system, chilled water pump, condensing water 
pump, cooling tower, fan coil unit, air handling unit, landlord stand-alone air-con and 
tenant stand-alone air-con. Figure 4.3 shows the percentage distribution of the energy 
consumption of the various sub-systems with respect to the building total air 
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conditioning system’s energy consumption. The plot represents the average of the 
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Figure 4.3: Percentage distribution of energy consumption of the various air 
conditioning sub-systems of the fifteen buildings studied 
 
Figure 4.3 shows that the chiller system is the largest energy consuming component, 
which consumed about 43.76% of the building’s total air conditioning system. AHU 
consumes 16.25% which is the second largest consuming component here. The stand 
alone air-con of the landlord (LSAC) consumes a little more than that of the tenant 
(TSAC) and they both add up to approximately 16% of the total air conditioning 
energy consumption. CWP and CHWP both consume about 8%. On the other hand, 
the other two sub-systems, FCU and cooling tower are insignificant factors, 
consuming about 2% and 5% of the total building energy consumption respectively. 
 
The building central air conditioning system considered here is broken down into six 
sub-systems: chiller system, chilled water pump, condensing water pump, cooling 
tower, fan coil unit and air handling unit. Figure 4.4 shows the percentage distribution 
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of the energy consumption of building central air conditioning sub-systems. The 
results are based on the average values of the fifteen buildings studied. 
 











Figure 4.4: Percentage distribution of energy consumption of central air conditioning 
sub-systems of the fifteen buildings 
 
Figure 4.4 shows that the chiller system consumes the most energy, 52.11% of the 
building central air conditioning energy consumption which is typical of office 
buildings in Singapore. AHU consumes 19.35% which is the second largest 
consuming component here. And CWP and CHWP both consume nearly 10%. On the 
other hand, the other two sub-systems consume very little energy, about 3% and 6% 
of the total building energy consumption respectively. Consequently, the chiller is the 
most significant energy consuming component in central air conditioning system with 
greatest potential of making contribution to the building energy saving.  
 
Furthermore, for the detailed analysis on the energy consumption of the building’s 
total air conditioning system and central air conditioning system of each sampled 
building in this study, the percentage distribution of energy consumption of the total 
air conditioning system and central air conditioning system energy consuming 
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components for each of the fifteen sampled buildings is shown below in Figure 4.5 
and Figure 4.6. Additionally, the relevant summary of the overall descriptive 
statistical analysis of all of the air conditioning energy consuming components is 
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Figure 4. 5: Percentage Distribution of energy consumption of air conditioning system 
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 Figure 4.6: Percentage Distribution of energy consumption of central air conditioning 
system for each sampled building 
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Table 4.2: Summary of statistics on energy consumption of air conditioning system 
 




















Mean 3,211 1,673 314 310 88 621 205 329 283 
Standard 
Error 458 262 45 59 12 109 71 169 190 
Minimum 1,181 537 91 83 13 182 0 0 0 




982 562 96 126 27 234 153 363 407 
 
From the statistical analysis, the energy consumption of most of the air conditioning 
sub-systems is with a huge deviation. This indicates that the consumption of these 
sub-systems vary much from one building to another. For example, the average 
energy consumption of the stand alone air conditioning system for the tenants was 
found to be 283 MWh per year with a standard error of 190 MWh per year. This large 
deviation could be attributed to the high usage of air conditioning equipment such as 
split-units. These are to cater to the extra cooling load after office hours for the 
comfort of the tenants or for places which require constant air conditioning supply 
such as the computer or data centers. This type of air conditioning system is basically 
more energy consuming and less efficient than central air conditioning system. 
Comparatively, the average consumption of the landlord’s standalone air conditioning 
system was 329 MWh per year with a standard error of 169 MWh per year. In this 
respect, the large deviation could be attributed to the extra cooling provided to the 
common area especially after office hours and also for other usages such as provision 
of 24 hours air conditioning to the computer or data centers or equipment rooms. 
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On the other hand, for other equipment such as chilled water pump, cooling tower and 
air handling unit, their respective average energy consumption and standard deviation 
do not vary significantly and this is expected as their consumption are directly related 
in one way or another on the operation and performance of the chiller plant. 
 
4.3 Benchmark of office building energy consuming systems 
 
Based on the energy performance data of the various building energy consuming 
systems and the sub-systems of central air conditioning system in the fifteen office 
buildings studied, the cumulative probability curves of energy efficiency index (EEI), 
the cumulative probability curve, is generated to serve as the benchmarking curve for 
each system and sub-system.  
 
With the help of the cumulative percentile distribution curves, building owners can 
determine the building systems’ and CAC sub-systems’ energy performance level of 
their buildings in terms of EEI and compare them with the respective cumulative 
curves generated. This gives them an understanding of the performance level of each 
system with respect to the general cohort of office buildings. They can then identify 
the current energy consumption situation and set a new realistic energy consumption 
target for the consultants to meet. They can also estimate the amount of saving 
achievable and hence justify the amount of funding to achieve the target. The building 
managers can develop their own strategies and databases for enhanced energy 
performance, and in doing so ensure that his building stays within the top leagues of 
the industry. 
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Consequently, the benchmarking curves are plotted one by one for the five building 
energy consuming systems, CAC system and the five CAC sub-systems with the 
respective quadratic non-linear regression equation which can represent the trendline 
of the dots. They are as shown on the graphs and listed in the following table with the 
corresponding coefficient of determination being nearly 1 (see Table 4.3 and 
Appendix A, Figure A.1 to Figure A.11). It is observed that some of the cumulative 
curves (i.e. TBAC EE, TBV EE ex cpa and TBCAC EE) are significantly spread as 
compared to those of TBT EE ex cpa and Chiller EE, etc. The gentle spread shape of the 
curve indicates that the energy performance ranking is not so sensitive to minor 
increments of energy efficiency whilst the sharp shape of the curve is due to the 
clustering of some points in the middle range.  All of these cumulative probability 
curves are also given as a reference for the case building analysis in the next section. 
Table 4.3: The quadratic non-linear regression equation of the benchmarking curve 
for each building system and CAC subsystem 
 Quadratic Non-linear Regression Equation 
TBAC EE  
(kwh/m2/year) y = -0.0014x
2 + 0.9955x - 66.161 
TBL EE ex cpa 
(kwh/m2/year) y = 0.1364x
2 - 2.8677x + 17.184 
TBV EE ex cpa 
(kwh/m2/year) y = -0.3354x
2 + 11.433x - 2.6459 
TBT EE ex cpa    
(kwh/m2/year) y = -0.1196x
2 + 8.7202x - 53.568 
TBOEEA EE 
(kwh/m2/year) y = 0.0059x
2 + 0.1628x - 2.1608 
CAC EE ex FCU 
(kwh/m2/year) y = -0.0018x
2 + 1.3864x - 94.081 
CH EE   
(kwh/m2/year) y = -0.0302x
2 + 5.8578x - 192.66 
CHWP EE 
(kwh/m2/year) y = -0.5725x
2 + 24.463x - 153.85 
CWP EE       
(kwh/m2/year) y = -0.2587x
2 + 12.688x - 52.931 
CT EE 
(kwh/m2/year) y = -1.3835x
2 + 26.218x - 22.318 
AHU  EE 
(kwh/m2/year) y = -0.0007x
2 + 2.8387x - 19.982 
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Based on the system benchmarking curves shown in Appendix A, using the same 
method of classifying total building energy efficiency, the major energy consuming 
components (total building air conditioning system, central air conditioning and 
chiller system) are classified into three groups (refer to Section 3.5). The energy 
efficiency of the top 25% is defined as Class I; the next 50% are Class II; and the 
bottom 25% are Class III (see Table 4.4). 
 
Table 4.4: Classification of total building air conditioning system, central air 
conditioning and chiller system 
 Class I (kWh/m2/yr) Class II (kWh/m2/yr) Class III (kWh/m2/yr) 
Total building air 
conditioning system ≤ 118.67 >118.67 but < 208.27 ≥ 208.27 
Central AC system ≤ 99.51 >99.51 but < 167.41 ≥ 167.41 
Chiller ≤ 52.35 >52.35 but < 88.52 ≥ 88.52 
 
4.4 Case study of office building energy saving potential 
 
4.4.1 Background of system-level benchmark approach 
 
The energy efficiency classification is defined as those with EE falling within the first 
top 25 percentile being Class I, those with EE falling between 26 and 75 percentile 
being Class II, and the rest above 75 percentile being Class III. Since the system 
energy saving target is set as the corresponding system average of Class I by this 
system-level benchmark approach, the average of Class I is defined as the 
independent value when the cumulative percentage being 12.5% on the benchmark 
curve of the building systems and CAC subsystems.  
 
After substituting 12.5 as the Y value, the corresponding Class I average energy 
efficiency of building system or CAC subsystem can be calculated as follows in Table 
4.5. 
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Table 4.5: The average energy efficiency of each building system and CAC 
subsystem 
 TBAC EE  (kwh/m2/year) 
TBL EE ex cpa 
(kwh/m2/year) 
TBV EE ex cpa 
(kwh/m2/year) 






Class I 90.55 19.24 1.38 8.59 37.93 
 CH EE   (kwh/m2/year) 
CHWP EE 
(kwh/m2/year) 






CAC EE ex FCU 
(kwh/m2/year) 
Average of 
Class I 45.87 8.48 5.86 1.44 11.48 86.62 
 
 
4.4.2 Background of regression correlation approach  
 
The criterion used to select the most appropriate regression model is to maximize the 
goodness of fit using the simplest mode or combination of models (Draper and Smith, 
1981). It is believed that the coefficient of determination ( 2R ) is the major measure to 
evaluate the goodness of fit of the model and p-value is to test the significance of the 
parameter. The value of 2R  is defined as the coefficient of determination measuring 
the proportion of variation in Y that is explained by the independent variable X in the 
regression model. Only the correlation regressions with 2R  being above 0.8 are 
considered acceptable in this study, providing a nice measure of goodness of fit 
between the regression line and observed data points. The p-value is the probability of 
obtaining a test statistic equal to or more extreme than the result obtained from the 
sample data, given that the null hypothesis is true (Tan, 2003). Here in this study the 
95% confidence level is applied so only if the p-value is less than 0.05, the parameter 
is a significant one. The regression correlation equations and the corresponding 
regression curves are given one by one in the following section. 
 
 
1. TBAC EE vs. TBEE ex cpa 
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Figure 4.7 shows the linear regression correlation between total building air 
conditioning system energy efficiency and total building energy efficiency excluding 
car park of the fifteen buildings. The correlation equation is derived as follows: 
TBAC EE = 0.9556*TBEE ex cpa - 48.904                      Eqn (4.1) 
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Figure 4. 7 : TBAC EE as a function of TBEE ex cpa 
 
The range of TBEE ex cpa is from 143.52 to 356.17 kWh/m2/year. The p-value of 
TBEE ex cpa is only 3.74E-07, which means TBEE ex cpa is statistically very significant. 
Meanwhile 2R  is very high being 0.8719, which means that the population regression 
line fits the observed data points well. Following the correlation Equation 4.1, if the 
target TBEE ex cpa is substituted, the total building air conditioning system energy 
efficiency is predicted. 
 
2. %TBOEEA EC ex cpa vs. TBEE ex cpa 
 
Figure 4.8 shows the linear regression correlation between the percentage of total 
building office equipment energy consumption in the total building energy 
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consumption excluding car park and total building energy efficiency excluding car 
park of 13 buildings. The correlation equation is derived as follows: 
%TBOEEA EC ex cpa = -0.2356* TBEE ex cpa  + 75.71              Eqn (4.2) 
 
The range of TBEE ex cpa is from 147.71 to 284.69 kWh/m2/year. The p-value of 
TBEE ex cpa is only 3.68E-05, which means TBEE ex cpa is statistically quite significant.  
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 Figure 4.8: “%TBOEEA EC ex cpa” as a function of TBEE ex cpa 
 
After combining Equation 4.2 with Equations 3.3 and 3.12, the new equation is 
generated as follows:  
TBOEEA EE = TBEC ex cpa  * (-0.2356 * TBEE ex cpa  + 75.71) / (100*GLA)    Eqn (4.3)  
 
Following this final equation, when the target TBEE ex cpa and TBEC ex cpa are 
substituted and the TBOEEA EE may be computed to a certain degree accuracy. 
 
3. % (TBV EC+TBT EC+TBL EC) ex cpa  vs. TBEE ex cpa   
 
Figure 4.9 shows the quadratic regression correlation between the sum percentage of 
total building lighting system, ventilation system and transportation system energy 
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consumption excluding car park in the total building energy consumption excluding 
car park and total building energy efficiency excluding car park of fifteen buildings. 
The correlation equation is derived as follows: 
% (TBV EC+TBT EC+TBL EC)ex cpa = 0.0008*TBEE2ex cpa– 0.5928* TBEEex cpa 
+121.57   Eqn (4.4) 
 
The range of TBEE ex cpa is from 143.52 to 356.17 kWh/m2/year. Since it is a 
quadratic regression, both the p-value of TBEE2 ex cpa and TBEE ex cpa are both 
examined, being much less than 0.05, which implies the statistical significance.  
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Figure 4.9: “% (TBV EC+TBT EC+TBL EC) ex cpa” as a function of TBEE ex cpa 
 
Combining Equation 4.4 with Equations 3.4, 3.5, 3.6 and 3.13, it is generated as 
follows:  
(TBV EE+TBT EE+TBL EE) ex cpa = TBECex cpa * (0.0008*TBEE2ex cpa – 0.5928* 
TBEEex cpa +121.57)/(100*GFA ex cpa)   Eqn (4.5)  
 
Following this final Equation 4.5, once the target TBEE ex cpa and TBEC ex cpa are 
known and substituted into the equation, the calculated energy efficiency of lighting, 
ventilation and transportation system may be obtained. 




4. TBAC EE + TBL EE ex cpa vs. TBEE ex cpa 
 
Figure 4.10 shows the correlation between the sum energy efficiency of total building 
air conditioning system and lighting system excluding car park and total building 
energy efficiency excluding car park of fifteen buildings. The correlation equation is 
derived as follows: 
TBAC EE + TBL EE ex cpa = 1.0335*TBEE ex cpa – 37.507    Eqn (4.6) 
 
The range of TBEE ex cpa is from 143.52 to 356.17 kWh/m2/year. The p-value of 
TBEE ex cpa is only 2.21E-07, which means TBEE ex cpa is statistically very significant.  
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 Figure 4.10: “TBAC EE + TBL EE ex cpa” as function of TBEE ex cpa 
 
It is obvious to generate the equation as shown below:  
TBL EE ex cpa = 1.0335*TBEE ex cpa - 37.507 - TBAC EE    Eqn (4.7) 
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Following this correlation equation, when the target TBEE ex cpa and previously 
calculated TBAC EE are substituted, the predicted total building lighting system 
energy efficiency can be obtained. 
 
5. TBAC EE + TBV EE ex cpa vs. TBEE ex cpa 
 
Figure 4.11 shows the correlation between the energy efficiency of total building air 
conditioning system and ventilation system excluding car park and total building 
energy efficiency excluding car park of fifteen buildings. The correlation equation is 
derived as follows: 
TBAC EE + TBV EE ex cpa = 0.9108*TBEE ex cpa– 32.351      Eqn (4.8) 
 
The range of TBEE ex cpa is from 143.52 to 356.17 kWh/m2/year. The p-value of 
TBEE ex cpa is only 1.4E-06, which means TBEE ex cpa is statistically significant. It is 
obvious to generate the equation shown as follows:  
TBV EE ex cpa = 0.9108*TBEE ex cpa – 32.351 - TBAC EE     Eqn (4.9) 
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 Figure 4.11: “TBAC EE + TBV EE ex cpa” as function of TBEE ex cpa 
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Following this correlation equation, the target TBEE ex cpa and previously calculated 
TBAC EE are substituted and consequently comes out the predicted total building 
ventilation system energy efficiency. 
 
6. TBAC EE + TBT EE ex cpa vs. TBEE ex cpa 
 
Figure 4.12 shows the correlation between energy efficiency of total building air 
conditioning system and transportation system excluding car park and total building 
energy efficiency excluding car park of fifteen buildings.  
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 Figure 4.12: “TBAC EE + TBT EE ex cpa” as function of TBEE ex cpa 
 
The correlation equation is 
TBAC EE + TBT EE ex cpa = 0.8302*TBEE ex cpa – 27.456    Eqn (4.10) 
 
The range of TBEE ex cpa is from 143.52 to 356.17 kWh/m2/year. The p-value of 
TBEE ex cpa is only 2.32E-07, which means TBEE ex cpa is statistically very significant. 
It is obvious to generate the equation shown as as follows:  
 
TBT EE ex cpa = 0.8302*TBEE ex cpa – 27.456 - TBAC EE    Eqn (4.11) 




Following this correlation equation, once the target TBEE ex cpa and previously 
calculated TBAC EE are substituted into the equation, the calculated total building 
transportation system energy efficiency may be computed. 
 
4.4.3 Uncertainty analysis 
 
The uncertainty analysis needs to be undertaken because the problem of uncertainty 
arises from the equations derived. The sampling error and the modeling uncertainty at 
95% confidence level are applied in the whole procedure of calculation. 
  
1. Sampling uncertainty (Us) 
For most of the regression correlation analysis all the data points in the population 
(fifteen buildings) are used and so the population regression line is generated. But the 
sample size of the linear regression between %TBOEEA EC ex cpa and TBEE ex cpa 
is only 13 buildings. So applying formula 3.13, substituting q and Q with 13 and 15, 
Us for this sample is equal to 1.98% which is quite acceptable. 
 
2. Modeling uncertainty calculation 
Formula 3.14 and 3.15 are applied to calculate the modeling uncertainty of the 
regression correlations established in Section 4.4.2 step by step.  
I. The quadratic non-linear regression correlation of building systems’ and CAC 
subsystems’ benchmarking in approach I is in the similar format by which n is equal 
to 15 and p to 3 when applying formulas to calculate the modeling uncertainty. The 
CVRMSE of AC system, lighting, ventilation, transportation and office equipment is 
14.93%, 12.60%, 16.26%, 17.61% and 12.07%, respectively. The CVRMSE of CAC 
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subsystems is 13.92%, 14.07%, 16.34%, 12.98% and 15.24% for CH, CHWP, CWP, 
FCU and CT, respectively.  
 
It is mentioned in Chapter 3.6 that the measurement error can be assumed as only 2% 
for electricity measurement at 95% confidence level. This measurement error can be 
neglected since it is quite small compared with the modeling uncertainty which is at 
least 12% at 95% confidence level. As a result, the overall uncertainty of the predicted 
total building energy consumption and central AC system is 33.4% and 32.5%, 
respectively after applying Equation 3.19. 
  
II. As for the regression correlation in Approach II, the modeling uncertainty is listed 
as follows:  
i. In Equation 4.1, n=15, p=2 so S=22.49; CVRMSE=14.44%  
ii. In Equation 4.2: n=13, p=2 so S=5.41; CVRMSE=20.38% 
Considering the sampling error, the overall uncertainty for TBOEEA EE applied 
in Equation 3.19 is given as U=√1.982+20.382%= 20.48% 
iii. Because of the interaction between TBOEEA EE and TBAC EE, applying 
Equation 3.19, the overall uncertainty for TBAC EE is U=√14.442+20.382% 
=24.98%  
iv. In Equation 4.4: Taking % (TBV EC+TBT EC+TBL EC) ex cpa  as a whole, n=15, 
p=3, so S=5.80; CVRMSE=15.96% 
v. In Equation 4.6: Taking TBAC EE and TBL EE ex cpa as a whole, n=15, p=2 so 
S=23.24; CVRMSE=12.64%  
The individual uncertainty for TBL EE ex cpa is U=√24.982+12.642% = 27.99% 
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vi. In Equation 4.7: Taking TBAC EE and TBV EE ex cpa as a whole, n=15, p=2 so 
S=24.10; CVRMSE=14.81%  
The individual uncertainty for TBV EE ex cpa is U=√24.982+14.812% = 29.04% 
vii. In Equation 4.8: Taking TBAC EE and TBT EE ex cpa as a whole, n=15, p=2 so 
S=20.99; CVRMSE=12.23% 
The individual uncertainty for TBT EE ex cpa is U=√24.982+12.232% = 27.81% 
The overall uncertainty of the predicted total building energy consumption by method 
1, 2 and 3 of Approach II is 32.3%, 36.02% and 39.8%, respectively after applying 
Equation 3.19. 
 
4.4.4 Selection of case study buildings 
 
Here in the case study three buildings in Class II and one in Class III are chosen for 
detailed analysis. They are named as Building B, E, K and N. The reason why only 
Class II and III buildings are selected, not the ones in Class I, is that Class I buildings 
are currently highly energy efficient. They are taken as good models for the industry.  
But since the rapid development of building technology, if there is no change in the 
energy performance themselves, the Class I buildings may be left behind and be in 
need of retrofit in the future. Obviously, there is much more energy saving potential in 
Class II and Class III buildings.  
 
In addition, there are 9 buildings in Class II (TBEE ex cpa being between 176 and 268 
kWh/m2/year) and 2 in Class III (TBEE ex cpa being over 268 kWh/m2/year). And so 3 
of the Class II buildings (building K, N and E) and 1 of the Class III building 
(building B) are presented to further clarify the methodology of office building energy 
saving potential analysis. Among the 9 buildings in Class II, building N is the second 
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best one; building K is a medium one; and building E is the worst one. So these three 
buildings can represent the typical Class II buildings. On the other hand, building B is 
the second worst one in the fifteen buildings. 
 
4.4.5 Building basic physical background information  
 
The basic physical background information of these four buildings is first listed in the  
 following Table 4.6.  
 





4.4.6  Approach I: system-level benchmark approach 
 
The total building energy saving target is initially set as the average of Class I 
buildings (155.08 kwh/m2/year), according to the total building energy benchmarking 
curve (see Figure 3.1). The energy saving of building systems in terms of energy 
efficiency is obtained by comparing their energy efficiency against that of the average 
of Class I. The saving result of the energy efficiency of these four case buildings by 





 TBEC ex cpa 
(MWh) 
TBEE ex cpa 
(kWh/m2/yr) 







(Class II) 11,351.2 235.71 0.927 100% 51,312.6 33,353.3 36,688.7 
Building N 
(Class II) 3,409.1 260.02 1.012 80% 15,724.0 12,268.4 12,268.4 
Building E 
(Class II) 6,236.4 181.96 0.974 100% 33,400 25,000 25,000 
Building B 
(Class III) 5,064.6 284.69 1.017 100% 18,089.1 12,016 17,472.7 
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Table 4.7: The comparison of building systems EE with the average of Class I 
 
It is observed in Table 4.7 that the office equipment energy efficiency of buildings B 
and N are better than the targets given, hence for these two building the saving 
potentials are set to zero. The TBOEEA energy efficiencies are also not changed for 
the other two buildings. Generally, in the actual execution of building retrofit, office 
equipment is not part of the project, and hence their loads would not change. 
Consequently this corresponding improvement can not be achieved with the office 
equipment’s energy consumption, or in the total building energy saving potential. 
Hence, the measured TBOEEA EE is kept constant for all the buildings. 
 
In addition, it is noted that the energy efficiency of the ventilation system in building 
E is near zero. This is because the ventilation system’s energy consumption in terms 
of energy use intensity is very much negligible compared to other systems as there is 
very little ventilation provision within this building compared to other uses. Hence, 
  
TBAC EE  
(kwh/m2/year) 
TBL EE ex cpa 
(kwh/m2/year) 
TBV EE ex cpa 
(kwh/m2/year) 





  Class I average 90.55 19.24 1.38 8.59 37.93 
Measured value 178.60 25.69 3.39 9.02 85.24 
Target value 90.55 19.24 1.38 8.59 85.24 








Saving potential (%) 49.30% 25.11% 59.27% 4.79% 0.00% 
Measured value 171.51 28.72 3.83 31.91 26.92 
Target value 90.55 19.24 1.38 8.59 26.92 








Saving potential (%) 47.21% 33.01% 63.95% 73.09% 0.00% 
Measured value 111.53 20.43 0.00 26.44 76.89 
Target value 90.55 19.24 0.00 8.59 76.89 








Saving potential (%) 18.81% 5.81% 0.00% 67.52% 0.00% 
Measured value 208.27 38.20 3.46 13.35 35.82 
Target value 90.55 19.24 1.38 8.59 35.82 








Saving potential (%) 56.52% 49.64% 60.10% 35.67% 0.00% 
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there is no basis to access the saving potential of the mechanical ventilation system. 
For example, only a couple of small propeller fans are used in this building to provide 
the mechanical ventilation in toilets whose power consumption measured in terms of 
kWhr/m2 is negligible compared to the total consumption of the building and other 
major systems.  
 
Most of the energy efficiencies of the other systems in these four buildings are worse 
than that of the average of the Class I buildings, and so their corresponding saving 
targets are set as that of the average of Class I buildings (See Table 4.7). The values 
of saving potential indicate the absolute saving of each system, while the values given 
in terms of percentage of potential saving provides a measure of the margin of saving 
achievable. This also gives an indication of the existing status of energy efficiency 
with respect to the particular system examined.  
 
It can be seen from Table 4.7 that the systems with the largest relative saving potential 
(in percentage) of the four buildings examined are either the ventilation system or the 
transportation system. However, the absolute saving is quite small, which is mostly 
less than 5 kwh/m2/year and they contribute little to the total building energy saving. 
On the other hand, in terms of actual saving, the greatest absolute system’s energy 
saving of all the buildings studied is the AC system. This is because it is the largest 
energy consuming system among all the M&E systems.  In buildings K and N, the 
saving potential of the AC system is over 80 kwh/m2/year. In building B, this is up to 
117.72 kwh/m2/year, much larger than the sum of the remaining three systems studied. 
In building E, there is potential for the transportation system to improve its energy 
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efficiency by over 60%, but the AC system and lighting system perform relatively 
well and may achieve improvement of about 18% and 5%, respectively. 
 
Applying the definition Equations 3.1 and 3.5 in Chapter 3.5 and substituting the 
building physical value of the corresponding parameters, as a result, the ultimate total 
building energy consumption (TBEC’ ex cpa) and the ultimate total building energy 
efficiency (TBEE’ ex cpa) and the corresponding total building energy saving potential 
for the four case buildings are shown in Table 4.8. Finally, it is concluded that all of 
these four buildings are improved to Class I building. The difference in the final 
results of TBEE ex cpa of these buildings is mostly due to the varied office equipment 
energy efficiency of the individual buildings. 
 
Table 4.8: Total building energy characteristics after calculation 
 
 TBEC’ ex cpa 
kWh/year 
TBEE’ ex cpa 
kWh/m2/year 
Total building energy saving potential kWh/year 
(saving potential %) 
Building K 7,663,809 159.14 3,686,838 (by 32.48%) 
Building N 1,803,869 137.56 1,604,966 (by 47.08%) 
Building E 5,115,347 149.17 1,160,515 (by 18.49%) 




4.4.7 Approach II: regression correlation approach  
 
If the total building energy saving target is also set as the average of Class I as 
approach I, substituting TBEE ex cpa of 155.08 kwh/m2/year and corresponding TBEC 
ex cpa  in Equations 4.1 and 4.3, the TBAC EE and TBOEEA EE of the buildings can be 
computed. Due to the same reason mentioned in the adjustment of system-benchmark 
approach, the office equipment load would not be changed and TBOEEA EE is kept 
as the measured.  
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In addition, heat generated by office equipment contributes much to the overall indoor 
cooling load. Because of the assumed unchanged office equipment load, the air 
conditioning load needs to be adjusted. For example, if the measured TBOEEA EE is 
less than the calculated one (TBOEEA EE’), less air conditioning load is in need and 
the AC system energy consumption can be further reduced. On the basis of the data 
analysis there is a certain kind of relationship between TBAC EC and TBOEEA EC 
by which COP can serve as the factor to link the cooling load of office equipment 
with AC consumption. Given COP as 3 (CP 13, 1999), the make-up energy 
consumption of the air conditioning system energy consumption (TBAC EC make up), 
the corresponding make-up energy efficiency (TBAC EE make up) and the final total 
building AC energy efficiency (TBAC EE”) can be calculated one by one.  
 
The calculation of TBAC EC make up, TBAC EE make up and TBAC EE” of building K is 
taken as an example to illustrate the processes easily. The calculated TBAC EE and 
TBOEEA EE’ and measured TBOEEA EE of building K are equal to 99.26 
kWh/m2/year, 87.71 kWh/m2/year and 85.24 kWh/m2/year, respectively. The TBAC 
EC make up, TBAC EE make up and TBAC EE’ are calculated as follows. 
TBAC EC make up = (TBOEEA EE’ - TBOEEA EE)* GLA/3  
                            = 27,504.9 kWh/year Eqn (4.12) 
 
TBAC EE make up = TBAC EC make up / ACA= 0.75 kWh/m2/year Eqn (4.13) 
As a result, TBAC EE’ is determined as follows:  
TBAC EE” = TBAC EE’ - TBAC EE make up = 98.51 kWh/m2/year Eqn (4.14) 
In summary, the final result of TBAC EE and TBOEEA EE of building K is 98.51 
kWh/m2/year and 85.24 kWh/m2/year, respectively. 
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Similar calculation procedures are undertaken in the other three buildings. If the 
measured TBOEEA EE is greater than the calculated one (TBOEEA EE’), air 
conditioning load is increased and the AC system energy efficiency is further 
improved. The calculated results of AC system and office equipment energy 
efficiency of the four buildings are summarized in the following Table 4.9. 
 
Table 4. 9: Summary of calculated energy efficiency of AC system and office 
equipment 





TBAC EC make 
up kWh/year 




Building K 99.26 87.71 85.24 27,505 0.75 98.51 
Building N 99.26 64.92 26.92 155,406 12.67 86.59 
Building E 99.26 83.28 76.89 53,284 2.13 97.13 
Building B 99.26 89.94 35.82 216,772 12.41 86.85 
 
It is mentioned in Chapter 3.4 that there are three methods to calculate the energy 
efficiency and energy consumption for lighting, ventilation and transportation systems. 
 
i). Residue Model (Method 1): The residue model is used, where (TBL+TBV+TBT) 
EC ex cpa  is taken as the residue of subtracting TBAC EC and TBOEEA EC from 
TBEC. By applying Equation 3.5, (TBL+TBV+TBT) EC ex cpa of the building is 
determined. 
 
For each of these three systems, based on the percentage distribution of the energy 
consumption of building systems and equipment with respect to the total building 
energy consumption of the fifteen sampled buildings (see Section 4.2.1), each of these 
three systems consumes a very small amount of the total building energy consumption 
compared to that of the AC system and office equipment. Therefore, in this study 
these three systems in the actual situation are taken as one and then the percentages of 
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each of these three systems among the whole part are identified as shown in the 
following table (see Table 4.10). From this approach, the estimated savings of each 
system may be calculated by multiplying by the corresponding proportion.  
Table 4.10: Lighting, ventilation and transportation system energy consumption 
distribution of sample buildings 
 Lighting (%) Ventilation (%) Transportation (%) 
Building K 67.43 8.89 23.67 
Building N 44.55  5.94 49.50 
Building E 48.84  0 * 51.16 
Building B 69.44  6.29 24.27 
Note: * There was negligible consumption by the mechanical ventilation system, as explained in 
Section 4.4.6. 
 
Just taking the calculation of the energy consumption of lighting system of building K 
as an example, (TBL+TBV+TBT) EC ex cpa  is 1,010,986 kWh/year after subtracting 
the energy consumption of AC system and office equipment from the total. The 
corresponding energy efficiency of lighting, ventilation and transportation system as a 
whole is decided as 19.70 kWh/m2/year applying Equations 3.4 to 3.6. Furthermore, 
the lighting percentage of building K is 67.43% and the TBL EE ex cpa  is calculated as 
13.29 kWh/m2/year. The overall lighting, ventilation and transportation system energy 
consumption and energy efficiency of four buildings are shown in the Table 4.11 as 
follows.  






 TBL EE1 ex cpa 
(kwh/m2/yr) 
TBV EE1 ex cpa 
(kwh/m2/yr) 
TBT EE1 ex cpa  
  
(kwh/m2/yr) 
Building K 13.29 1.75 4.66 
Building N 18.16 2.42 20.18 
Building E 14.15 0.00 14.82 
Building B 31.13 2.82 10.88 
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Compared to the original status of the buildings, each of the calculated one is less than 
the measured. So no adjustment is needed in this final result. 
 
ii). Percentage Model (Method 2), the regression model of % (TBL+TBV+TBT) EC 
ex cpa  and TBEE ex cpa  is conducted. Following the similar procedures as the calculation 
of TBOEEA EE, in this method TBEE ex cpa  and TBEC ex cpa  are set as the average of 
Class I building, applying Equation 4.5, and then the (TBL+TBV+TBT) EE ex cpa  is 
computed.   
 
The energy efficiency for each of these three systems is determined by multiplying 
the corresponding proportion by terms of the same method mentioned above in 
method 1. Taking the energy efficiency calculation for lighting system of building K 
as an example (the total energy efficiency of lighting, ventilation and transportation 
system is calculated as 71.14 kWh/m2/year as above) and the overall result is given as 
shown in Table 4.12. 
TBL EE ex cpa  = (TBL+TBV+TBT) EE ex cpa  * 67.43%  
= 47.97 kWh/m2/year  Eqn (4.15) 
 
Table 4.12: Summary of the calculated systems’ energy efficiency by method 2 
 
 TBL EE2 ex cpa 
(kwh/m2/year) 
TBV EE2 ex cpa 
(kwh/m2/year) 
TBT EE2 ex cpa  
  
(kwh/m2/year) 
Building K 47.97 6.32 16.84 
Building N 28.16 3.75 31.29 
Building E 37.99 0.00 39.79 
Building B 51.77 4.69 18.09 
 
However, compared with the measured building system energy efficiency, the 
calculated energy efficiency of lighting, ventilation and transportation system may be 
Chapter 4 Data Analysis and Case Study 
 
 107
more than the measured ones in the above Table 4.11. Consequently, if this model is 
adopted for this building, adjustment is needed in some systems by which the 
measured energy efficiency is taken as the target and it is in italic (see Table 4.13).  
 
Table 4.13: Summary of the adjusted systems’ energy efficiency by method 2 
 
 TBL EE2’ ex cpa 
(kwh/m2/year) 
TBV EE2’ ex cpa 
(kwh/m2/year) 
TBT EE2’ ex cpa 
  
(kwh/m2/year) 
Building K 25.69 3.39 9.02 
Building N 28.16 3.75 31.29 
Building E 20.43 0.00 26.44 
Building B 38.20 3.46 13.35 
 
In building K and B, the calculated energy efficiency of lighting, ventilation and 
transportation system are all much more than the measured ones. So the measured 
energy efficiency is taken as the target in these three systems, which implies this 
method is not very applicable in these two buildings. As for building N, the calculated 
EE of lighting, ventilation and transportation system is a little less than the measured 
ones, which suggests the applicability of method 2 in this building. And so no 
adjustment is needed in these three systems and the calculated energy efficiency is 
taken as the target. In building E, compared to the measured building system energy 
efficiency as follows, the calculated energy efficiency of lighting and transportation 
system is much more than the measured ones. So adjustment is needed in these two 
systems and consequently only the calculated ventilation system energy efficiency is 
taken as the target while the measured ones are targets of lighting and transportation 
system.  
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iii). Regression Model (Method 3): the regression model between energy efficiency 
of each of these three systems and TBAC EE as a whole and TBEE ex cpa  is carried 
out.  
 
Targeting TBEE ex cpa  as the result of system-benchmark approach, the TBAC EE 
being calculated before, and applying Equations  4.7, 4.9 and 4.11,  then the energy 
efficiency of lighting, ventilation or transportation system can also be calculated one 
by one as follows in Table 4.14. 
 
Table 4.14: Summary of the calculated systems’ energy efficiency by method 3 
 
 TBL EE3 ex cpa 
(kwh/m2/year) 
TBV EE3 ex cpa 
(kwh/m2/year) 
TBT EE3 ex cpa  
  
(kwh/m2/year) 
Building K 24.26 10.39 18.29 
Building N 36.18 22.30 30.21 
Building E 25.64 11.77 19.67 
Building B 35.91 22.04 29.95 
 
After comparing the three building energy consuming systems’ measured energy 
efficiency, the energy efficiency for each system is adjusted and tabulated as shown in 
Table 4.15 (the adjustment is in italic):  
 
Table 4.15: Summary of the adjusted systems’ energy efficiency by method 3 
 
 TBL EE3' ex cpa 
(kwh/m2/year) 
TBV EE3' ex cpa 
(kwh/m2/year) 
TBT EE3' ex cpa 
  
(kwh/m2/year) 
Building K 24.26 3.39 9.02 
Building N 28.72 3.83 30.21 
Building E 20.43 0.00 19.67 
Building B 35.91 3.46 13.35 
 
It is found in Table 4.15 that this method is applicable in the estimation of lighting 
system in building K and B and transportation system in building N and E.  
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Table 4.16 compares the measured and the calculated results of the various systems 
using the three proposed methods. As discussed in Section 4.4.3, the uncertainty 
values are calculated. Since the energy efficiency of lighting, ventilation and 
transportation systems were evaluated as one consolidate group of systems for 
methods 1 and 2, the overall uncertainties for methods 1 and 2 are 24.98% and 
15.96% respectively. Because of the various regression correlations established 
between the three individual systems and the TBEE ex cpa for method 3, in the case of 
method 3 the uncertainties of lighting, ventilation and transportation system are 
27.99%, 29.04% and 27.81%, respectively. The adopted calculated results values are 
tabulated, and highlighted in bold, as shown in Table 4.16. 
 




TBL EE ex cpa 
(kwh/m2/yr) 
TBV EE ex cpa 
(kwh/m2/yr) 
TBT EE ex cpa  
  
(kwh/m2/yr) 
measured 25.69 3.39 9.02 
method 1 13.29  1.75  4.66  
method 2 25.69  3.39  9.02  
Building K 
 
method 3 24.26  3.39  9.02  
measured 28.72 3.83 31.91 
method 1 18.16  2.42  20.18  
method 2 28.16  3.75  31.29  
Building N 
 
method 3 28.72  3.83  30.21  
measured 20.43 0.00 26.44 
method 1 14.15  0.00  14.82  
method 2 20.43  0.00  26.44  
Building E 
 
method 3 20.43  0.00  19.67  
measured 38.20 3.46 13.35 
method 1 31.13  2.82  10.88  
method 2 38.20  3.46  13.35  
Building B 
method 3 35.91  3.46  13.35  
Note: The adopted results are shown in bold. 
 
 




These three indirect methods to estimate the systems’ energy saving are easy to apply.  
For methods 1 and 2, the individual uncertainty cannot be determined for each system. 
Although the overall uncertainty of method 1 is high, it is acceptable as it is within 
25% of the saving potential. The calculated results of method 1 are also less than the 
measured results for all the three systems for each of the four buildings studied. 
Hence, method 1 is generally applicable to all the four buildings. The overall 
uncertainty values of method 2 are the lowest among the three methods used. But the 
calculated results are smaller than the actual measured values in one building, 
building N. For method 3, the individual uncertainty can be determined for each 
system, but the uncertainty values are rather high. The results obtained from method 3 
are deemed unsuitable because they are less than the measured values in the lighting 
system and transportation system in 2 buildings studied. Hence, method 3 is not 
adopted in any of the four buildings studied from the point view of the total building 
energy saving. Consequently, it may be concluded that methods 2 and 3 are only 
suitable for the estimation of saving potentials for one or two building systems. 
 
4.4.8 The overall comparison between results of Approach I and II 
 
As a result, the calculated building systems’ energy efficiency by two approaches and 
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Table 4. 17: Summary of the system energy efficiency by system benchmark 




TBAC EE  
(kwh/m2/yr) 
TBL EE ex cpa 
(kwh/m2/yr) 
TBV EE ex cpa 
(kwh/m2/yr) 




TBEE ex cpa 
(kwh/m2/yr) 
Measured value 178.6 25.69 3.39 9.02 85.24 235.71 
Benchmark approach 90.55 19.24 1.38 8.59 85.24 159.14 
Saving potential 88.05 6.45 2.01 0.43 0 76.57 
Correlation approach 98.51 13.29 1.75 4.66 85.24 155.08 
Saving potential 80.09 12.40 1.64 4.36 0 80.63 








Relative difference (%) 4.46% -23.18% 10.94% -43.51% 0.00% -1.72% 
Measured value 171.51 28.72 3.83 31.91 26.92 260.02 
Benchmark approach 90.55 19.24 1.38 8.59 26.92 137.56 
Saving potential 80.96 6.99 2.45 23.32 0 122.46 
Method 1 of Approach II 86.59 18.16 2.42 20.18 26.92 155.08 
Saving potential 84.92 10.56 1.41 11.73 0 104.94 
Method 2 of Approach II 86.59 28.16 3.75 31.29 26.92 175.99 
Saving potential 84.92 0.56 0.08 0.62 0 84.03 
Absolute difference of 
method 1 -3.96 -3.57 1.04 11.59 0 17.51 
Relative difference of 
method 1 (%) -2.31% -12.43% 27.17% 36.32% 0.00% 6.74% 
Absolute difference of 








Relative difference of 
method 2 (%) -2.31% 22.38% 61.97% 71.13% 0.00% 14.78% 
Measured value 111.53 20.43 0 26.44 76.89 181.96 
Benchmark approach 90.55 19.24 0.00 8.59 76.89 149.17 
Saving potential 20.98 1.19 0.00 17.85 0 32.79 
Method 1 of Approach II 97.13 14.15 0.00 14.82 76.89 155.08 
Saving potential 14.40 11.10 0.00 11.62 0 26.88 
Absolute difference of 








Relative difference of 
method 1 (%) 5.90% -39.27% 0.00% 23.57% 0.00% 3.25% 
Measured value 208.27 38.2 3.46 13.35 35.82 287.24 
Benchmark approach 90.55 19.24 1.38 8.59 35.82 142.82 
Saving potential 117.72 18.96 2.08 4.76 0 144.42 
Correlation approach 86.85 31.13 2.82 10.88 35.82 155.08 
Saving potential 121.42 7.07 0.64 2.47 0 132.16 








Relative difference (%) -1.77% 31.13% 41.59% 17.17% 0.00% 4.27% 
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If the energy retrofitting in building K is undertaken as proposed above, it may be 
transformed from Class II to Class I building by two approaches (TBEE < 176 
kWh/m2/year). By system-level benchmark approach, the total building energy saving 
potential is 3,686.8 MWh/year (by 32.48%) and the ultimate total energy efficiency is 
159.14 kWh/m2/year with the uncertainty of 33.4%. By regression approach, the 
building energy saving potential is 3,883.1 MWh/year (by 34.21%) and the ultimate 
total energy efficiency is 155.08 kWh/m2/year with the uncertainty of 32.3%. The 
final results by these two approaches don’t vary much. The most significant 
difference between the results of the benchmark approach and the correlation 
approach lies in the transportation systems’ energy efficiency. This may be due to the 
measured TBT EE ex cpa of this building is very high. The overall final result of 
building E and B is very similar to that of building K except that TBEE ex cpa of 
building E by approach I is slightly less than that of method 1 of approach II and 
TBEE ex cpa of building B is a bit smaller than that of approach II. The most significant 
difference in the results of these two approaches lies in AC system of building E and 
exists in the lighting system of building B. In addition, the overall uncertainty of the 
adopted methods in calculating TBEE are very close. 
 
In building N, if the energy retrofitting is undertaken by system-level benchmark 
approach or by the two methods of correlation approach as proposed above, it will 
transfer to Class I building as expected. The final results by these three approaches are 
at about 20 kWh/m2/year interval in terms of the final total building energy efficiency. 
So the relative difference is the biggest among the four buildings. The difference 
between approach I and method 1 of approach II mainly occurs in the transportation 
system. Additionally, because the targets of lighting, ventilation and transportation 
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energy efficiency are close to that of the measured data by method 2 of approach II, 
the difference between this method and the other two is very huge in these three 
systems. 
 
In summary, the final situation of buildings K, E and B are straightforward, since only 
approach I and method 1 of approach II are adopted. It is much more complicated for 
the case building N with the adoption of approach I and two methods of approach II. 
However, all of the four buildings are promoted to Class I buildings as planned by all 
means. Considering the corresponding uncertainty of each method, all the methods 
discussed above are feasible for office building energy saving analysis in Singapore. 
 
4.4.9 Central AC sub-system benchmark approach  
 
As for the saving potential in of CAC sub-systems, because the regression correlation 
between CAC components’ energy performance and CAC energy efficiency or AC 
energy efficiency is not as good as expected, only the CAC sub-systems’ benchmark 
approach has been adopted for the analysis of the CAC saving potential. Following 
the same procedures used for the building systems’ energy saving calculation by 
approach I, the saving potential results of CAC components’ (ex FCU) are calculated 
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Table 4.18: Comparison of CAC systems energy efficiency with that of the average of 
Class I buildings 
 
 
All of the average energy efficiency of CAC’s sub-systems of Class I buildings are far 
lower than that of the measured CAC energy performance of the buildings studied. 
Hence, the targets for the CAC sub-systems of these four case buildings are the same 
as that of the average of Class I buildings (see Table 4.18). Consequently, the chiller 
system and CAC system are all transformed to Class I.  
 
It is also indicated in Table 4.18 that among all the subsystems of CAC, in building K, 
N and B, cooling tower has the greatest energy saving potential by about 62%, 86% 
and 81%; respectively and for building E the energy saving potential in CAC mostly 
by over 70% lies in AHU which is much higher than the over four systems. The 
  








AHU  EE 
(kwh/m2/yr) 
CAC EE ex FCU 
(kwh/m2/yr) 
  Class I average 45.87 8.48 5.86 1.44 11.48 86.62 
Measured value 88.52 16.82 6.14 3.87 22.50 137.85 
Target value 45.87 8.48 5.86 1.44 11.48 86.62 








Saving potential (%) 48.18% 49.55% 4.62% 62.87% 49.00% 37.17% 
Measured value 87.49 9.22 16.79 10.48 30.77 154.76 
Target value 45.87 8.48 5.86 1.44 11.48 86.62 







Saving potential (%) 47.57% 7.97% 65.12% 86.29% 62.71% 44.03% 
Measured value 55.61 11.60 8.14 2.03 43.91 121.29 
Target value 45.87 8.48 5.86 1.44 11.48 86.62 







Saving potential (%) 17.51% 26.85% 28.06% 29.21% 73.87% 28.59% 
Measured value 96.91 14.05 30.09 7.49 18.81 167.35 
Target value 45.87 8.48 5.86 1.44 11.48 86.62 







Saving potential (%) 52.67% 39.61% 80.54% 80.81% 39.00% 48.24% 
Chapter 4 Data Analysis and Case Study 
 
 115
individual uncertainty for each of the CAC subsystem is about 15% and the overall 
one is 32.5%. So the energy conservation measures should be focused in the area 
above for the corresponding building.  
 
It is an indirect approach aimed at exploring the relationship among the various CAC 
energy consuming sub-systems and their contribution to the AC system energy 
performance and the total building energy performance.  
 
4.5 Verification and validation analysis  
 
In this section, in order to verify the accuracy of the energy saving potential model 
developed, the calculated results are compared with results obtained using physical 
simulation model. The simulation program VisualDOE 4.0 is utilized in this study. 
The VisualDOE was originally developed by Lawrence Berkeley Laboratory (LBL) in 
the US. According to the literature review, it is well-recognized for applications with 
commercial building energy simulation and for performing energy saving analysis in 
both academic studies and industries. 
 
Among the four buildings used for the case study as described in Section 4.4.4, the 
building B which is a typical public office building with a single function, and the 
building N which is a typical private sector office building cum retail are chosen for 
simulation to carry out the validation of the predictive model. In addition, for both the 
two selected buildings, the author was fortunate to be given relatively complete 
information data such as the building drawings, pictures, systems’ operation schedules 
and parameters etc., making them best suited for the application of VisualDOE. 
 
The basic building background of buildings B and N is described in Sections 3.2, 4.2 
and 4.4. These include the building area, age, occupancy rate and operation hours, and 
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so on. However, more detailed information needs to be clarified before setting up the 
simulation model. First the simulation of the base case is conducted to compare the 
simulated result and the actual building energy consumption to calibrate the 
simulation model. If the difference is within the acceptable range, the simulation 
model is regarded as being well established and representative of the original building 
which can be used to validate the energy saving potential model. The assumed 
parameters after retrofit are then used as input and the simulation program is run again 
to obtain simulation results which are checked against the calculated results using the 
two approaches. If the difference is within the acceptable range, the predictive models 
for estimating building energy saving potential are verified. 
 
The car park floor area is omitted in the simulation because it is unconditioned space 
only provided with mechanical ventilation and lighting which normally takes a small 
percentage of the total building energy consumption. In addition, the car park energy 
consumption is not taken into the analysis of energy saving potential model. In 
consequence, the building without considering the car park area is simulated. On the 
other hand, the transportation system can not be simulated by the software of 
VisualDOE because of its own limitations. The ventilation system is excluded from 
the simulation since its energy consumption just takes about 3% of the total building 
(see Section 4.2.1). As a result, only the air conditioning system, lighting and office 
equipment of building without car park area is simulated in this study. The energy 
consumption of three systems takes up nearly 90% of the total building energy 
consumption in the fifteen buildings studied. The simulation of these three systems 
can represent the whole picture of the building energy performance. 
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4.5.1 Physical background of the simulated buildings  
 
Building B is a public sector building located in Orchard Spring Lane in the central 
part of Singapore. The building is about 10 years old with construction completed in 
1995. The general layout of the building is hexagon in shape with central core side 
service and the façade is constructed with light grey plaster and GRC cladding. It is a 
thirteen-storey building, with office areas occupying the 3rd to 13th floor, constituting 
about 80% of the designated space allocated. The mechanical equipment is housed on 
8th floor and the car park is located at three basement floors (from B1 to B3). The 
architectural appearance of the building is as shown in Figure 4.13.  
 
Figure 4.13: The picture of building B 
 
There were approximately 450 occupants housed in the building with 100% 
occupancy rate in 1999. The functional usage of this building is similar to that of most 
commercial buildings with single function usage, although it is a government 
administrative building. Since the building data was collected in 1999 and 2000, it 
was typically occupied during the regular office hours before the reform of 
government agency working hours announced in 2004. So the personnel usually 
worked in this building from 8:30am to 6pm on weekdays and from 8:30am to 1pm 
on Saturday while the building was unoccupied or partially occupied at night and on 
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Saturday afternoon or on Sunday. The other building information is also shown in 
Section 3.2 and 4.4. 
 
Building N is a private sector building located in Robinson Road in the central 
business district (CBD) of Singapore. The building is about 6 years old with 
construction completed in 1999. The general layout of the building is rectangle in 
shape and the façade is constructed with light granite cladding. It is a 21-storey 
building, with mixed function usage of office and retail. The mechanical equipment is 
housed at 3rd floor and the car park is located on 3rd to 5th floor. The architectural 
appearance of the building is shown for reference in Figures 4.14 and 4.15. There 
were approximately 450 occupants housed in the building with 80% occupancy rate in 
1999. The other building information is also shown in Sections 3.2 and 4.4. 
                                          
Figure 4.14: The left view of building N        Figure 4.15: The right view of building N 
    
 
4.5.2 Characteristics of the simulated buildings  
 
A building model was developed by simulation to serve as a baseline reference for 
comparison and evaluation with buildings B and N. The actual operating conditions, 
HVAC systems and lighting system of buildings B and N were input for the 
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simulation. Some characteristics of the simulated building are adapted from the 
Singapore reference building used in the previous studies on energy performance of 
buildings due to the lack of information on envelope design details of buildings B and 
N.  
 
The 3D view of the simulation building B model is shown in Figures 4.16 and 4.17. 
The first two floors are used as resource room and gallery and the lay-out of the 
typical floor is two rows of office rooms along the two-side windows of the building 
with common corridor in between.  Because the shape of the first two floors is a donut 
and this kind of block can not be created directly in VisualDOE 4.0, this building 
model is drawn from two points of view. One is to take the void core area as the 
indoor common area with full area skylight (see Figure 4.16). The other one is to 
leave a small gap between two rooms (see Figure 4.17).  
 
Figure 4.16: Simulation model 1 of building B 




Figure 4.17: Simulation model 2 of building B 
 
Compared with building B, the building structure of building N is concise and regular 
which is easier to describe. The 3D view of the simulation building model is shown in 
Figure 4.18.  
 
 
Figure 4.18: Simulation model of building N 
 
Although the two simulated building models of building B are slightly different in the 
description of the first two floors, the specifications and characteristics of are the 
same and they are also shown in Table 4.19 (Wong et al., 2003). The specifications 
and characteristics of simulated building N are similar to that of building B and so 
only the different areas are highlighted (see Table 4.20). Additionally, the operation 
schedules of building N are shown separately in Table 4.20 since the operation hours 
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of building N on weekdays and Saturday is different with building B. For building B, 
Singapore climatic data for the year 1999 was used together with Singapore calendar 
for the year 1999; the data of 2000 was used in building N according to the available 
building energy bill.  
 
Table 4.19: Specifications and characteristics of the simulated building B 
 
Materials 
Exterior wall    25 cm concrete 
1.9 cm plaster 
0.8 cm GRC 
Interior wall   25 cm concrete 
1.9 cm plaster 
Interior partition    1.59 cm gypsum board 
10.2 cm air layer 
1.59 cm gypsum board 
Roof     1.27 cm roof gravel 
0.95 cm built up roofing 
2.5 cm polystyrene insulation 
15.2 cm concrete 
10.2 cm air layer 
1.3 cm acoustic tile 
Floor     15.2 cm concrete 
Solar Absorptance 
 
External walls    0.45 
Roof     0.7 
Windows, Luminaires and Infiltration, etc. 
 
Floor-to-floor height                          4m 
Plenum height                                     1m 
Window-to-wall ratio  40 
Shading coefficient of window 0.95 
Glass conductance of window  6.172 W m -2.C 
External shading devices none 
Lighting power 10 W/m2 in office; 5 W/m2 in other areas 
Equipment power                             20 (W/m2) in office 
Number of persons                                               5m2/ppl in office; 20m2/ppl in common areas 
Infiltration  0.6 ac/hr when fans off 
                                                         AC systems: CAV system 
Outside air                                          30 m3/h per person 
Space thermostat set point                   24 C 
Night setback                                       37 C 
Economiser                                          none 




















































































































































































































































































































Table 4.20: The different specifications and characteristics of the simulated building N 
 
Materials 
Exterior wall    21 cm concrete 
1.5 cm plaster 
1.2 cm granite 
Solar Absorptance 
 
External walls    0.43 
                                                         AC systems: CAV system 
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4.5.3 Calibration of base building model  
 
According to the characteristics data of buildings B, and N and the Singapore 
reference building listed above, the base building model is set up by inputting 
parameter and defining the setting template, project information, the properties of 
blocks, rooms and zones, façade and windows, HVAC system and central plant 
accordingly. For more details on the information and procedures involved in using 
VisualDOE 4.0, the VisualDOE 4.0 user manual (2004) can be referred to.  
 
The actual electrical consumption of building B is 5064.6 MWh/yr and the equivalent 
space considered for the simulation for the simulation model, which is about 94% of 
the actual electrical usage is 4760.5 MWh/yr. It is quite desirable to use numerical 
comparisons as well as graphical comparisons to determine when a simulation is 
adequately calibrated. The annual electrical energy consumption and the various 
systems between the actual building and the simulated buildings by models 1 and 2 
are shown in Table 4.21 and Figure 4.19. 
Chapter 4 Data Analysis and Case Study 
 
 124
Table 4.21: Summary of the systems’ energy consumption of actual building and base 
buildings of building B 
 TBAC EC (kwh/year) 






Actual Building 3,639,049 690,987 430,465 4,760,502 
Base Building 1 4,379,846 907,961 464,303 5,752,110 
Absolute Dif 1 740,797 216,974 33,838 991,608 
Relative Dif 1 (%) 20.36% 31.40% 7.86% 20.83% 
Base Building 2 4,025,366 784,337 434,488 5,244,191 
Absolute Dif 2 386,317 93,350 4,023 483,689 


























Types of building systems
Actual Building Base Building 1 Base Building 2
 
Figure 4.19: Comparison of energy consumption of simulated buildings and that of 
the actual building of building B 
 
 
It is seen in the Table 4.21 and Figure 4.19 that the simulation result of model 1 is not 
as good as that of model 2. The absolute difference of each system between the result 
of model 1 and actual building is much greater than that of model 2. And the overall 
relative difference between actual building and base building 1 is over 20% which 
means this base building 1 can not represent the real building performance situation. 
So the simulation model 1 is neglected in the subsequent study of the energy saving 
predictive model validation. 
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It is also observed from Table 4.21 and Figure 4.19 that the difference between the 
simulated model 2 and actual energy consumption of AC system and lighting system 
appeared to be great at about 10.6% and 13.5% respectively. On the other hand, the 
energy consumption of the equipment of the base building 2 and the actual building 
differs rather slightly at 0.93%. Upon comparison, the total energy consumption of the 
base building 2 and the actual building differs by about 10.2%. ASHRAE 1997 had 
recommended an acceptable difference between simulated and actual energy usage for 
large existing commercial buildings to be within 10%. Hence in this case, the 
difference is considered fairly acceptable.  
 
As for building N, the actual electrical consumption is 3409.1 MWh/yr and the 
equivalent space considered for the simulation for the simulation model, which is 
about 83.5% of the actual electrical usage is 2847 MWh/yr. The annual electrical 
energy consumption and the various systems between the actual building and the 
simulated buildings are shown in Figure 4.20. 
 
It is also observed from Figure 4.20 that the difference between the simulated base 
building model and actual energy consumption of office equipment and lighting 
system appeared to be great at about 17% and 16% respectively. On the other hand, 
the energy consumption of AC system of the base building and the actual building 
differs rather slightly at 4.11%. Upon comparison, the total energy consumption of the 
base building and the actual building differs by about 7.35% which is within the 
acceptable range mentioned above. Hence in this case, the difference is considered 
very acceptable.  
 



























Actual Building  2,104,180.9  412,468.8  330,367.2  2,847,016.8 
Base Building  2,190,632 478,992 386,735  3,056,359 
TBAC EC TBL EC ex cpa TBOEEA EC SUM
Dif 4.11%
Dif 16.13% Dif 17.06%
Dif 7.35%
 
Figure 4.20: Comparison of system energy consumption of simulated buildings and 
that of the actual building of building N 
 
4.5.4 Validation of energy saving potential predictive model 
 
When using a calibrated simulation model to investigate ECMs, it is very important to 
disaggregate the energy consumption by end uses. This will provide the energy auditor 
with a valuable and powerful tool for identifying promising, building specific ECMs. 
The possible ECMs can then be prioritized based on those impacting end uses with 
maximum consumption relative to good practice. The potential savings of ECMs may 
then be evaluated using the calibrated simulation model, with confidence that 
construction and implementation will result in savings similar to those simulated 
(Yoon, 2003). The interactions of multiple ECMs can also be accurately determined.  
 
In this validation process, over a dozen of simulations are conducted based on the 
building B model 2 and building N with different types of retrofit option in terms of 
different parameters input of the AC system, façade and windows to analyze and to 
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determine the impact of the different retrofit options on the energy consumption of the 
building, according to the building management and energy conservation measures, 
such as resizing the chiller, using variable frequency fan and pump, adding external 
shading devices, using different glazing and daylight controls and the combinations of 
glazing coupled with daylight control and resize of air conditioning system, etc. (Lal, 
2002).  
 
After comparing the simulation results of different input parameters, the results 
derived from the simulation through combination of shading coupled with daylight 
control and resize of air conditioning system yielded the closest results with the 
system benchmark approach and correlation approach with the relative difference of 
the sum being about 6% and 0.3%, and AC system and office equipment being less 
than 5%, respectively (see Table 4.22 and Figure 4.21). This indicates that the 
proposed methods of system benchmark approach and correlation approach presented 
in Section 4.4.8 agree well with the energy saving simulation of building B. 
 
Table 4.22: Summary of the system energy consumption of predictive model and 
simulation of building B 
 
 TBAC EC (kwh/year) 






Benchmark Approach 1,582,094 348,022 430,413 2,360,529 
Correlation Approach 1,517,509 563,112 430,413 2,511,034 
Simulation 1,590,001 483,087 429,421 2,502,509 
Absolute Dif with 
Benchmark Approach 7,907 135,065 -992 141,980 
Relative Dif with 
Benchmark Approach (%) 0.50% 38.81% -0.23% 6.01% 
Absolute Dif with 
Correlation Approach 72,492 -80,025 -992 -8,525 
Relative Dif with 
Correlation Approach (%) 4.78% -14.21% -0.23% -0.34% 
 
 



























Types of building systems
Approach I Approach II Simulation
 
Figure 4.21: Comparison of energy consumption of simulated building and the 
estimation of energy saving predictive model by system-benchmark approach and 
correlation regression approach of building B 
 
 
On the other hand, the resultant saving derived from the simulation method for the 
combination of daylight control coupled with variable frequency fan and pumps 
appeared to be closest to the results of the system benchmark approach and the 
correlation approach with the relative difference of about 8.9%, 13.2% and 3.5%, 
respectively (see Table 4.23 and Figure 4.22). This indicates that the proposed 
methods of system benchmark approach and correlation approach method 2 presented 
in Section 4.4.6 agreed well with the energy saving simulation of building N while the 
correlation approach method 1 is not as good as expected. It may due to the calculated 
system energy efficiency of correlation regression approach method 1 is too high, 
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Table 4.23: Summary of the system energy consumption of predictive model and 
simulation of building N 
 
 TBAC EC (kwh/year) 






Benchmark Approach 1,110,862 302,519 330,265 1,743,646 
Correlation Approach Method 1 1,062,314 285,539 330,265 1,678,118 
Correlation Approach Method 1 1,062,314 442,746 330,265 1,835,325 
Simulation 1,143,265 369,278 386,735 1,899,278 
Absolute Difference with 
Benchmark Approach 32,403 66,759 56,470 155,632 
Relative Difference with 
Benchmark Approach 2.92% 22.07% 17.10% 8.93% 
Absolute Difference with 
Correlation Approach Method 1 80,951 83,739 56,470 221,160 
Relative Difference with 
Correlation Approach Method 1 7.62% 29.33% 17.10% 13.18% 
Absolute Difference with 
Correlation Approach Method 2 80,951 -73,468 56,470 63,953 
Relative Difference with 






























Types of Building System
Approach I Approach II Method 1 Approach II Method 2 Simulation  
Figure 4.22: Comparison of energy consumption of simulated building and the 
estimation of energy saving predictive model by system-benchmark approach and 
correlation regression approach of building N 
 
The calibrated simulation building models accurately evaluate the potential savings 
resulted from ECMs implemented in these buildings and the simulation results agree 
with the quantification of the energy savings potential accurately. The calibration 
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process developed and presented in this paper can be used to project the savings from 
retrofit measures and then used as in the savings determination process. These two 
building simulations demonstrate a high degree of confidence in the calculated 
estimation results of energy saving predictive model by system-benchmark approach 
and correlation regression approach which can validate the accuracy and feasibility of 
the two approaches. As a result, this system-level benchmark approach and 
correlation regression approach can be considered as a simplified and realistic way of 
office building energy saving potential analysis in Singapore. 
 
4.6 Discussion and Conclusion 
 
Building energy consumption analysis is conducted in this chapter in the aspects of 
total building energy consuming equipment, total air conditioning system and central 
air conditioning system. The benchmark curves of office building energy consuming 
systems and central air conditioning energy consuming sub-systems are established in 
terms of energy efficiency (kWh/m2/year) to examine and compare the office building 
energy performance. Both of these benchmarking systems contribute to the 
application of system-level benchmark approach and regression correlation approach 
as shown in the buildings’ case data analysis.  
 
 
The system-level benchmark approach gives an easy preliminary to estimate of office 
buildings’ energy saving potential within the total building system and air 
conditioning sub-systems individually. The interaction between different building 
energy consuming systems is not taken into consideration to simplify the calculation 
procedures. The regression correlation approach is established based on the good 
regression relationship between performance of building energy consuming systems 
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and TBEE ex cpa with R2 over 0.8. The adoption of the three methods to calculate the 
energy efficiency of lighting, ventilation and transportation system is quite different in 
the four case buildings due to the consideration on the corresponding uncertainty and 
comparison with the building measured data.  In most cases, the residue model is 
applied. Meanwhile, the percentage regression model is adopted for one out of the 
four buildings. The uncertainty of all the adopted methods is very close, which is over 
30%. 
 
In the last part of this chapter, the validation of the energy saving potential predictive 
model by two approaches is conducted by means of energy simulations of two 
buildings.  The simulation results further verify the correctness of the energy saving 
potential predictive model. However, the results of CAC subsystem benchmark 
approach can not be simulated by this software because of the limitation of its own. 
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CHAPTER FIVE CONCLUSIONS 
 
The recent surge in energy demand has resulted in higher energy cost, especially 
intense in the growing ASEAN region. Energy efficiency will become a major factor 
in determining investment cost and business competitiveness. It is crucial for building 
owners or energy services companies (ESCOs) to know how much energy they can 
save and how long their saving will last before the practical retrofitting starts, when 
they invest in energy efficiency. The determination of energy savings requires both 
accurate measurement and replicable methodology but there is no direct way of 
measuring energy use or demand savings since instruments cannot measure the 
absence of energy use or demand after retrofitting. However, the method based on the 
office building energy performance and building energy efficiency benchmark 
established in this study provides a good basic approach to quantify the building 
energy saving.   
 
5.1 Review and achievement of research objectives 
 
Objective A 
To carry out a detailed study of office building energy performance in systems and to 
develop the building energy systems’ and air-conditioning subsystems’ benchmarks for 
office building in Singapore; 
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The physical background of the fifteen selected sample buildings was reviewed. The 
five main office building energy consuming components and the five key sub-systems 
of the central air conditioning were studied in detailed in terms of the components’ 
energy consumption and efficiency. Based on descriptive statistical analyses of the 
fifteen sample buildings, air conditioning system is identified to be the predominant 
major energy consuming component among the five building systems which 
consumed 50.80% of the total building energy consumption. And the chiller is the key 
energy consumer which takes up 52.11% of the central air conditioning system. These 
two areas are determined to be the most critical factors that directly affect the total 
building efficiency classification. This also indicates the significant energy savings 
potential in these two areas.  
 
Energy efficiency benchmarking curves are established for building systems and the 
central air conditioning sub-systems. The fifteen buildings are divided into three 
classes based on the energy efficiency benchmarking curves of total building, total 
building air conditioning system, central air conditioning system and chiller. 
Benchmarking the building energy consuming systems’ and central air conditioning 
sub-systems’ energy efficiency helps to identify the building’s performance as 
compared to the general cohort of office buildings at building system level and sub-
system level. This helps to determine the key energy inefficient areas and the areas 
where energy saving potential exists. 
 




To investigate and quantify office buildings’ energy saving potential and to develop a 
predictive model for estimating building energy consumption and saving. 
 
Several methodologies are reviewed for exploring the office buildings’ energy saving 
potential. These include the whole building metered approach, retrofit isolation 
approach, computer simulation, experts’ walking through, Neuro-Fuzzy network 
method and benchmarking method.  
 
Two main approaches are presented in this study to estimate the office buildings’ 
energy saving potential and to establish the predictive energy saving model. The first 
method, “system-level benchmark approach”, is developed according to the statistics 
analysis, and the energy efficiency benchmarks of building systems and the central air 
conditioning sub-systems. The other method, “regression correlation approach”, 
adopts the correlation regression analysis between the parameters of building systems 
and the total building energy efficiency in terms of kWh/m2/year with respect to gross 
floor area excluding car park area (TBEE ex cpa).  
 
Three Class II buildings and one Class III building are used in the case study to 
analyze energy saving potential. Building systems’ energy saving can be calculated by 
the two approaches. In the case of energy saving among the central air conditioning 
sub-systems, only the central air-conditioning sub-system level benchmark approach 
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can be used for computation. Additionally, energy simulation of two buildings among 
these four is conducted to validate the results. These two building simulations 
demonstrate a high degree of confidence in the calculated estimation results of energy 
saving predictive model by system-benchmark approach and correlation regression 
approach which verify the correctness of the energy saving potential predictive model. 
At last, the case buildings are improved to Class I buildings by these two approaches 
and the saving percentage is from 20% to 40%, respectively. As a result, the system-
level benchmark approach and the correlation regression approach can be considered 
as a simplified and realistic way of office building energy saving potential analysis in 
Singapore. 
 
5.2 Contribution of the study  
 
The outcome of this study helps to improve the energy performances of office 
buildings and to encourage positive management action. It describes the benchmarks 
of the total building, building systems and central air conditioning sub-systems. These 
more detailed benchmarks can help pinpoint problem areas within a building. It 
provides representative values for common building types, against which the 
building’s actual performance is compared with others. It can help indicate the 
technical and management measures on the initial stage, to help and reduce energy 
consumptions and costs. 
 
The analysis of office building energy saving potential helps to set a reasonable 
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energy efficient target for retrofitting in existing buildings and for building new ones. 
In major building refurbishment situations, it is imperative to determine whether or 
not the building will be energy efficient at the early stage. The design team needs to 
ensure that a requirement for energy efficiency is included in the client’s brief, backed 
up by targets for energy consumption (kWh/m2/year) alongside any intentions to 
include particular energy efficient equipment such as CHP. In the case of a proposed 
building, the developer can set a realistic and achievable target based on the energy 
saving potential model during the commissioning test stage. With reference to the 
building systems’ and central air conditioning sub-systems’ benchmarks, it is easier 
for the design engineer to control system design and ensure that equipment and 
system selection are compatible with the final total building target set. 
 
In summary, this study is beneficial to parties having a stake on its outputs as follows: 
 
• Serve as a reference to building design professionals for adopting a more 
holistic approach in designing an energy efficient building and recognizes the 
energy performance impact when designing or selecting particular systems. 
 
• Building owners, designers and managers require setting realistic and 
achievable targets. A reliable relevant benchmarking database would help 
them to do it with confidence. 
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• It assists energy and building professionals in estimating energy saving 
potential of a new/existing building, cost recovery and financing requirements. 
 
5.3 Recommendations of future studies 
 
Although the study has yielded the main objectives, more in-depth studies are 
necessary to do in the future work. For example, it is important to establish the 
contributions of other energy consuming systems within a building, such as the energy 
consumption pattern and profile of office equipment and other electrical appliances. 
As discussed in Chapter 3, office equipment and other electrical appliances is the 
second major energy consuming system mainly for Class I and II buildings which can 
be attributed to the high intensity usage for these two building classes. As no actual 
measurement or auditing was done on this particular system during the study, a 
separate assessment is necessary so as to determine the real demand and usage of such 
equipment or appliances and to establish a relationship between its parameters and the 
total building energy consumption. Although the contributions of lighting system, 
ventilation system and vertical transportation system are much lower to the total 
building energy performance, the actual measurement and auditing are also useful to 
provide a complete picture of the whole consumption. 
 
It should be stated that the uncertainty of the saving results in this study are not very 
satisfactory. This is mainly attributed to the limited sample buildings because of the 
constraints of time and resources. The more in-depth investigation and measurements 
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on a greater number of buildings need to be conducted if possible. With sufficient 
database, it is ideal to determine the regression correlation between the detailed 
building systems and operational parameters for total building energy consumption 
estimation in the regression approach. Meanwhile, the energy simulations for more 
buildings can also be done to give a more substantial verification for the model. The 
building energy saving potential predictive model would be more accurate with larger 
size database.  
 
In this study, it shows that there is at average more than 30% energy to be reduced for 
either Class II buildings or Class III buildings to achieve Class I. This, however, 
would require a large capital investment on the part of the building owners by either 
total replacement or retrofit of the whole system for the building to achieve this target. 
This may be financially difficult to achieve for some building owners in view of the 
current economic situation. Nevertheless, a reasonable reduction by about 15% could 
be achievable and applaudable if systematic analyses and assessment of systems were 
carried out (Claridge et al., 1996, and Katipamula and Claridge, 1993). This includes 
the auditing on the systems’ consumption at the building level and the sub-systems’ 
level and the analysis of investment and payback periods of different technological 
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Figure A.1: Cumulative percentile distribution curve of AC system energy efficiency 
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Figure A.3: Cumulative percentile distribution curve of Ventilation system energy 
efficiency 
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Cumulative Curve of Chiller EE
























Figure A.7: Cumulative percentile distribution curve of Chiller energy efficiency 
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Figure A.9: Cumulative percentile distribution curve of Cwp energy efficiency 
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Cumulative Curve of AHU EE


























Figure A.11: Cumulative percentile distribution curve of AHU energy efficiency 
